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Abstract 
Al though the internal combustion engine(ICE) vehicle is the most 
popular vehicle type in the w o r l d i t has serious problems relating to its 
exhaust emissions and the l imi ta t ion of petroleum resource. To try to 
solve these problems many kinds of vehicle have been developed which 
use alternative energies; electricity, compressed natural gas and solar 
energy etc. The hyb r id vehicle, which combines the advantages of the 
ICE vehicle and the electric vehicle, is one of the most promising 
alternative vehicle structures. 
This thesis describes the model l ing and simulation of a Series and a 
Parallel H y b r i d Vehicle using S IMULINK, the graphical user interface 
for M A T L A B . The ICE vehicle and electric vehicle are also modelled 
and simulated to prove the accuracy of the simulation and to provide a 
base to compare the results of the hybr id vehicle simulation. This thesis 
also describes how to optimize the electric motor and IC engine size 
used in the series and parallel hybr id vehicle and how to minimize the 
fue l usage and the emissions of the IC engine. 
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1.Introduction 
Since the motor car was f i r s t invented the number of cars in every day 
use has increased at a surpr is ingly high rate. For example in South 
Korea, the author's home country, the number of cars has increased 
f r o m 2 m i l l i o n in 1988 to 9 mi l l i on in 1996.fi"] The car has now become 
a very important part of human l i fe for business, leisure and even 
sports act ivi ty . I t is now d i f f i c u l t to imagine l i fe wi thout a car. 
Nevertheless the conventional internal combustion engine (ICE) vehicle 
has some problems which are d i f f i c u l t to solve. Firstly there is the 
problem of emissions. In large cities the emissions which are exhausted 
f r o m cars are one of the biggest causes of air pol lu t ion . As a 
consequence many countries have introduced severe regulations about 
emissions. For example since 1998 every car company selling their cars 
in Cal i fornia has to sell 2% of Zero Emission Vehicles (ZEV).[i i l The 
main emissions of the conventional vehicle are Carbon Monoxide(CO), 
Nit rogen Oxide(NOx) and Hydrocarbon(HC). 
The other serious problem w i t h regards the conventional ICE vehicle is 
the l imi t a t ion of petroleum resource. Everyday an unimaginable 
amount of petrol is used by cars throughout the wor ld . For example in 
1984 in the UK the daily usage of petrol and diesel for road transport 
was 6.8 m i l l i o n kg.[12] Unfor tunately for South Korea this high use of 
petroleum fue l is a very serious problem as the country has no natural 
o i l resource. To t ry and solve these problems many car companies and 
research inst i tut ions throughout the w o r l d are actively researching new 
types of vehicles that use alternative energies such as electricity. 
Compressed Natura l Gas(CNG), solar energy etc.[i3]-[i71 
The electric vehicle is one of the favoured solutions because i t does not 
use petroleum fue l and does not have any exhaust emissions. However 
i t has some technical problems that have yet to be overcome. For 
example the short vehicle range and the long battery charge time are 
big problems for the electric vehicle. One other solution is the hybr id 
vehicle which combines the advantages of the ICE vehicle and the 
electric vehicle 
In the School of Engineering at Durham Universi ty hybr id vehicles have 
been researched actively since 1980's. In particular the structure and 
performance of hyb r id vehicles have been studied through computer 
s imulat ion and experimental test work .[i]-[9] 
This thesis is about the model l ing and simulation of Series and Parallel 
H y b r i d Vehicles. The aim of the thesis is to investigate some of the 
control options of the series and the parallel hybr id vehicle through the 
use of computer s imulat ion wr i t ten using M A T L A B / S I M U L I N K . In 
particular the s imulat ion studies w i l l be used to investigate the fue l 
consumption and energy use of the different hybr id structures. The 
programs developed are named collectively as JANUSLEE. Firstly in 
Chapter 2 the simple layout and characteristics of each type of vehicle 
such as the IC engine vehicle, electric vehicle, series hybr id vehicle and 
parallel hybr id vehicle are discussed. Chapter 3 then describes the 
computer s imulat ion program JANUSLEE which is used for this study. 
In chapter 4,5,6 and 7 the models for the computer simulation, the 
techniques for the model l ing and simulation and the results of the 
s imulat ion are discussed. In particular chapter 6 describes how to 
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decide on the size of motor and engine to use in a series hybrid vehicle 
and how to run the engine in such a vehicle. Chapter 7 describes how 
to select the engine and motor size for a parallel hybr id vehicle and 
how to optimise the engine operating condit ion. In Chapter 8 the 
s imulat ion results of the series and parallel hybr id vehicle are 
compared and the best applications for each type of vehicle considered. 
Finally in Chapter 9 the conclusion f r o m the work and the areas of 
fur ther work is discussed. 
2 .Types of V e h i c l e 
2.1 Internal Combustion Engine Vehicle 
The major i ty of road vehicles used throughout the wor ld are powered 
by internal combustion(lC) engines. There are two types of IC engine; 
the spark ign i t ion and the compression igni t ion engine. The differences 
between the two engine types is the means of igni t ion and mixture 
preparation. 
In spark ign i t ion engines air and fue l are mixed before induction and 
this mixture leads to pre-mixed combustion in which a flame front 
propagates across the combustion chamber. In contrast in the 
compression ign i t ion engine the fue l is injected into the combustion 
chamber immediately prior to combustion. Time is required for the fue l 
to ignite and then burn in a mode known as d i f fus ion combustion.[12] 
The mechanical structure of the two types of engine is very similar 
w i t h both having an operating characteristic where they produce power 
over a speed range of 1000 - 6000 rpm. Typical ly the compression 
ign i t ion engine produces maximum torque at lower speed than the 
spark ign i t ion engine and also has a lower maximum operating speed. 
The drive t ra in of the IC engine vehicle is shown figure2.1. The Engine, 
provides the d r i v i n g power, whi l s t the Clutch is used to engage or 
separate the power f r o m the engine to the drive train and to facilitate 
start ing f r o m rest. The Gearbox is used to control the vehicle speed by 
selecting the gear ratio whi l s t the Final Drive is used to connect the 
gear box to the wheels by a constant gear ratio. 
As the I C engine vehicle is universally used the mechanics of the 
vehicle are very well known making the maintenance and repair of 
these vehicles easy compared to other types of vehicle. Some of the 
disadvantages of the I C engine vehicle with regards fuel use and 
emissions were mentioned in the introduction but not mentioned was 
the inefficiency of the IC engine. According to the second law of 
thermodynamics "It is impossible for a machine to convert into work 
all the heat energy supplied to it." This means that there is no 
practical process that is 100% efficient. In fact the maximum efficiency 
of the diesel engine, which has a better efficiency than the spark 
ignition petrol engine, is not over 40% [i*]. 
The modelling and simulation of the I C engine vehicle will be discussed 
in chapter 2 in detail. 
ICBigine 
Cluteh 
Mechanical Line 
Figure 2.1 Main Structure of a IC Engine Vehicle 
The main advantages and disadvantages of the I C vehicle can be 
summarized as follows. 
Advantages 
1. very well known technology 
2. simple mechanical layout 
3. easy maintenance and repair 
Disadvantages 
1. poor efficiency 
2. emissions 
3. l imi ted to the use of hydrocarbon fuels 
2.2 Electric Vehicle 
The electric vehicle is the ideal type of vehicle because i t does not use 
petroleum fue l and does not have any exhaust emissions. Another 
excellent advantage of the electric vehicle is its simple structure. An 
Electric motor does not have an idle speed as does the IC engine, and 
can produce high torque in the low speed area 0 to 1000 rpm(revoIution 
per minute) . Consequently the electric motor can be connected directly 
to the f i na l dr ive of the electric vehicle. This means there is no need for 
a clutch or gearbox which are used in the IC engine vehicle. Therefore 
the electric vehicle can be bu i l t using a very simple layout as shown in 
f igure2.2. There are two direction arrows in f igure 2.2 These mean the 
electric power of the electric vehicle can f low in two directions. The 
arrow f r o m lef t to r igh t means that the electric vehicle is driven by 
constant speed or acceleration. The opposite direction arrow means that 
the electric vehicle is braking or decelerating. Dur ing braking the 
electric motor charges the battery because i t acts like a generator. This 
is the one of the advantages of the electric vehicle. However the electric 
vehicle has one big problem and that concerns the battery. Even the 
latest battery technologies, such as lead-acid or zinc-air bat teryf i ' l , do 
not allow enough energy to be stored for general use so that the 
electric vehicle can not be used in the same way as a conventional ICE 
vehicle. The range of the electric vehicle is limited to under 100-200 
kilometers. Consequently the electric vehicle can not be used on the 
highway for long journeys. In addition the long charging time 
necessary for large energy storage and the heavy weight of the battery 
are other problems that have yet to be solved. Table 2.1 shows the 
differences between a general I C E vehicle and electric vehicle as 
described above. For both vehicles the efficiency quoted in Table 2.1 
refers to the conversion efficiency of the on-board stored energy to 
propulsion power at the road wheels. 
B mmm - - -dBControlerlc-
Mechanical Line 
< - - - - - > Electric Line 
Figure 2.2 Main Layout of a Electric Vehicle 
The main advantages and disadvantages of the electric vehicle can be 
summarized as follows. 
Advantages 
1. very simple structure 
2. regenerative braking energy 
3. no need for petrol and therefore no exhaust emissions 
Disadvantages 
1. l imi ta t ion of battery technology 
• heavy weight 
• low range 
• long charging time 
ICE Vehicle Bectric Vehicle 
Vehicle Weight 1000-1400 kg 1500-1800 kg 
Typical Efficiency 25-40% 85 - 90% 
Range 600 - 900 km 100-150 km 
Refueling very fast very slow 
Cost cheap (well known technology) expensi\« (new technology) 
Advantages good performance 
easy maintenance 
zero emissions, high efficiency 
Disadvantages emissions, petroleum resource inadequate batterytechnology. 
limitation heavy \«hicle weight 
Table 2.1 Comparison of the IC Engine and Electric Vehicle 
2.3 Hybrid Vehicle 
According to the Technical Committee (Electric Road Vehicles) of the 
Internat ional Electrotechnical Commission, the def in i t ion of a hybr id 
vehicle, is as fo l lows; " A hybr id road vehicle is one in which 
propuls ion energy, dur ing specified operational missions, is available 
f r o m two or more kinds or types of energy stores, sources, or 
converters. At least one store or converter must be on-board. A hybr id 
electric vehicle(HEV) is a hybr id vehicle in which at least one of the 
energy stores, sources, or converters can deliver electric energy. A 
series hybr id is a HEV in which only one energy converter can provide 
propuls ion power. A parallel hybr id is a HEV in which more than one 
energy converter can provide propuls ion power."[20] 
As defined above a hybr id vehicle can be classified as either a series or 
a parallel type. Of course both of these structures have specific 
advantages and disadvantages. The general structures and 
characteristics of the series and parallel hybr id vehicle w i l l be 
explained in 2.3.1 and 2.3.2. 
2.3.1 Series H y b r i d vehic le 
The series hybr id vehicle has the least complicated configurat ion of all 
the hybr id types. As shown in f igure 2.3 the series hybr id vehicle has 
f ive main components which are the electric motor, the engine, the 
Generator, the battery and the power train. The engine and the 
generator is called the Aux i l i a ry Power Uni t (APU). The traction force 
is supplied by the electric motor w i t h the electric motor getting its 
power f r o m the battery and/or the APU. This means the series hybr id 
vehicle is dr iven by the electric motor only. Therefore the series hybr id 
vehicle needs a large size electric motor such as in the electric vehicle. 
The engine used in the APU is typical ly an IC engine although gas 
turbines have also been used.[24] The electric power produced by the 
APU is supplied to the battery or used to drive the electric motor. 
When the electric power f r o m the APU is bigger than the power 
required for traction this excess power is used for charging the battery. 
In contrast when the APU power is smaller than the power required for 
traction the addi t ional power is supplied by the battery. Table 2.1 
summarizes the d i f ferent possible f lows of electric power described 
above. The most important control decision to be made in the series 
hyb r id vehicle is when and how to run the APU. A number of the 
control techniques for the APU w i l l be discussed in Chapter4. 
Battery 
Generator K-
Mechanical Line 
V\heels 
< - - - -> Electric Line 
Figure 2. 3 Main Layout of a Series Hybrid Vehicle 
State of APU Condition Power Source 
of Electric Motor 
State of Battery 
ON Traction Power < APU Output APU Charging 
ON Traction Power > APU Output APU and Battery Discharging 
OFF - Battery Discharging 
Table 2. 2 Electric Energy Flow of the Series Hybrid Vehicle 
The main advantages and disadvantages of the series hybr id vehicle 
are as fo l lows . 
Advantages 
1. simpler mechanism than the parallel hybr id (see section 2.3.2) 
2. weight can be reduced (no clutch, no gearbox) 
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Disadvantages 
1. needs a larger sized motor than the parallel hybr id 
2. d i f f i c u l t to use for general purpose 
2.3.2 Para l l e l H y b r i d vehic le 
As shown in f igure 2.4 the parallel hybr id vehicle has an IC engine and 
an electric motor w i t h the two power sources connected mechanically in 
parallel . This means the parallel hybr id vehicle can be driven by either 
one or both of the power sources at the same time. Therefore the 
parallel hyb r id vehicle can have a smaller sized electric motor than the 
series hybr id vehicle. The parallel hybr id vehicle can be operated in 
many di f ferent modes which can be d iv ided as fol lows 
1. Electric Mode: The vehicle is driven by the electric motor only. 
This mode is used mainly at low vehicle speed 
because the electric motor can produce high torque 
at low speed. 
2. I C Engine Mode: The vehicle is driven by the IC engine only. 
This mode is used mainly at high vehicle speed 
because the IC engine can produce high power at 
h igh speed. Of course regenerative braking energy 
is used for charging the battery as in the electric 
mode. 
3. Hybrid Mode: The IC engine and the electric motor are used 
simultaneously when the vehicle needs large 
power. 
The aim of the parallel hybr id vehicle is the minimizat ion of both the 
11 
exhaust emissions and the amount of petrol used through the use of 
the operating modes mentioned above. The layout of the parallel 
hybrid vehicle is shown in fig2.4. The power from the IC engine and 
the electric motor are added in the transfer box. The controller controls 
everything; for example when the IC engine or electric motor is on or 
off, the torque and output from the engine etc. The rest of the 
components of the vehicle are the same as those used in the IC vehicle 
or the electric vehicle. 
C Bigine Transfer 
VVheels 
Mechanical Line 
-> Beclric Line 
Figure2.4 Main Layout of a Parallel Hybrid Vehicle 
The main advantages and disadvantages of the parallel hybrid vehicle 
are as follows. 
Advantages 
1. has versatile operating modes 
2. more scope for optimizing the size of the motor and the 
engine than in the series hybrid 
Disadvantages 
1. increased weight 
2. complicated control logic 
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2.4 Conclusion 
The four kinds of vehicle described in this chapter have unique 
characteristics. Al though the ICE vehicle is currently the most popular 
type of vehicle throughout the w o r l d i t has big problems such as 
exhaust emissions and the l imi ta t ion of petroleum resource. 
The electric vehicle has many advantages; no emissions, no need for a 
petroleum resource, simple structure and regenerative braking energy. 
However the electric vehicle has fatal problems in the l imitations of the 
battery which restrict the vehicle to short range use, require a long 
charging time and produce a heavy weight vehicle. 
There are two basic types of hybr id vehicle; the series and the parallel 
hyb r id . Both types of vehicle have similar components but the 
connection of those components is totally different . Consequently the 
two types of vehicle have contrasting characteristics. The control logic 
of the series hybr id vehicle is easier than that for the parallel hybr id 
vehicle. On the other hand the parallel hybr id vehicle can have a 
smaller sized electric motor than the series hybr id vehicle. In chapter 6 
and 7 the series and the parallel hybr id vehicle are examined in order 
to t ry and maximise their advantages and minimise their disadvantages. 
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3.Simulation Software 
3.1 Advantages of Computer Simulation 
One of the most important aspects of this thesis is the study of the four 
kinds of vehicle through the use of computer simulation. To obtain 
good comparative results many tests or simulations are necessary and 
but for computer s imulat ion this project wou ld not be possible. Without 
the use of computer s imulat ion at least four prototype cars would have 
to be made which w o u l d require a large amount of man-power and 
large research costs. By the use of computer simulation the project has 
been completed by one person in one year. This is the biggest 
advantage of computer s imulat ion and the main reason why computer 
s imulat ion is being used throughout the wor ld by almost all car 
manufactures for s tudying the potential of new vehicle structures. Car 
companies use computer s imulat ion in many areas for saving time, 
money and man-power for example design, crash test, air-bag test and 
d r i v i n g test etc. On the other hand there w i l l be some error in the 
computer s imulat ion due to the models adopted and the values of the 
parameters used. However i f necessary the magnitude of this error can 
be predicted and the tolerance on the results calculated by the 
computer program. 
3.2 Structure and Components of SIMULINK 
The s imulat ion software used in this thesis is S IMULINK the graphical 
user interface (GUI) for MATLAB.IzU SIMULINK is a graphical program 
so i t is very easy to understand and operate. S IMULINK consists of 
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libraries which have many blocks each of which simulate different 
elements such as a relay, switch, workspace, funct ion and clock etc. The 
i n i t i a l S I M U L I N K screen is shown f igure 3.1. From this screen the user 
can select a l ibrary which contains the simulation block required. For 
example to use the switch block this is contained in the Nonlinear or 
Extras l ibrary . Extras can be specially made f r o m the blocks which are 
used most often. A n y user can make not only the Extras l ibrary but 
also mod i fy the rest of the libraries for their own use. Figure3.2 shows 
the screen of the Nonlinear l ibrary . The user can copy the Switch block 
to any model or f i l e . Of course the user can change the values or 
conditions of the block. When very complicated functions or equations 
are required the Fen, Matlab-Function or S-Function w i l l be very he lpfu l . 
In this way a model is made. Figure3.3 shows a example model for a 
battery which is made by combining many blocks f rom each libraries in 
the S IMULINK. 
Sources Sinks Discrete Linear Nonlinear Connections Extras 
SIMULINK Block Librars^ (Version 1.2c) 
Figures. 1 The Initial Screen of SIMULINK 
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Figures. 2 The Screen of the Nonlinear Libiaiy 
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Figures. 3 The Example Model of the SIMULINK 
3.3 Structure and Components of JANUSLEE 
JANUSLEE is one of the user l ibrary files made f rom SIMULINK for 
the simulations of the four kinds of vehicle mentioned in chapter 2. 
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Figure 3.4 shows the i n i t i a l screen of JANUSLEE. Each model contains 
many components for the four kinds of vehicle. In this screen the user 
can select any model which is needed by a double click. For example i f 
the user is looking for the engine used in a series hybr id vehicle the 
engine models in the engine l ibrary can be shown by double click. The 
engine l ibrary shown in f igure 3.5 then appears. Of course each engine 
model shown in f igure 3.5 is made up f r o m the basic modell ing 
components described in section 3.2. Figure 3.6 shows the structure of 
the engine for the series hybr id vehicle in the engine l ibrary. 
Engine Clutch Gearbox Final Drive Wheels Vehicle 
Driver Throttle/brake Motor Battery-FDM Controller Transfer 
Figures. 4 The Initial Screen of JANUSLEE 
5 H 
Engine Engine Engine 
Figures. 5 The Screen of the Engine Library 
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Figures. 6 The Structure of the Series Hybrid Vehicle Engine 
3.4 Conclusion 
Computer Simulat ion has become very important not only for car 
manufactures but also for many other industr ia l areas because i t has 
many advantages; saving time, saving research costs and needs 
m i n i m u m man-power etc. This thesis uses SIMULINK, the graphical 
user interface (GUI) for M A T L A B , to develop the vehicle component 
l ibrary JANUSLEE. The component models in JANUSLEE can be 
combined to make a vehicle model. Therefore according to the 
specification the four types of vehicle described in Chapter 2 can be 
simulated very easily by JANUSLEE. 
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4 Performance of the I C E vehicle 
4.1 Driving cycles 
Computer s imulat ion of vehicles uses standard d r iv ing cycles to 
produce the s imulat ion results. The d r iv ing cycles are used by car 
manufactures or government for many purposes such as the d r iv ing 
test, f ue l economy test and the comparison of vehicles. Dr iv ing cycles 
are composed of a ve loc i ty / t ime prof i le and the velocity of the test 
vehicle, or the s imulat ion model, must fo l low this velocity prof i le . 
Depending on the road conditions of each country there are a number 
of d i f fe rent d r i v i n g cycles. In this thesis the popular d r iv ing cycles 
such as ECE-15, J227a-D and the Extra_Urban d r iv ing cycle are used.li] 
The Extra_Urban cycle has a high average speed of 62.75km/h. On the 
other hand the ECE-15 cycle which is for an urban area test cycle has 
only an average speed of 19.21km/h. Figure 4.1 shows the shape of 
the Extra_Urban cycle. The characteristic of the Extra-Urban cycle is 
that the gear is set by the t ime-velocity prof i le as shown in table 4.1. 
The data files of the Extra_Urban, the ECE-15 and the J227a-D dr iv ing 
cycles are included in Appendix 1. 
120 
100 
E 80 
^ 60 
^ 40 
20 
13 
0 50 100 150 200 250 300 350 400 
nme(sec) 
Figure 4.1 Extra_Urban Cycle 
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No Operation Speed(Km/h) Operation Time Cumulative Time Gear Ratio 
1 Idling 20 20 * 
2 Axeleration 0-15 5 25 1 
3 Gear Change 2 27 -
4 Axeleration 15-35 9 36 2 
5 Gear Change 2 38 -
6 Axeleration 35-50 8 46 3 
7 Gear Change 2 48 -
8 Axeleration 50-70 13 61 4 
g Steady Speed 70 50 111 5 
10 Deceleration 70-50 8 119 5(4s)+4(4s) 
11 Steady Speed 50 69 188 4 
12 Axeleration 50-70 13 201 4 
13 Steady Speed 70 50 251 5 
14 Axeleration 70-100 35 286 5 
15 Steady Speed 100 30 316 5(") 
16 Axeleration 100-120 20 336 5(") 
17 Steady Speed 120 10 346 5(") 
18 Deceleration 120-80 16 362 5(") 
19 Deceleration 80-50 8 370 5(") 
20 Deceleration 50-0 10 380 * 
21 Idling 20 400 PM(*) 
*) PM = gearbox in neutral, clutch engaged first of fifth gear engaged, clutch disengaged 
**) Aiditional gears can be used according to manufacturer recommenations if the vehicle 
is equipped with a transmission with more than five gears 
Table 4.1 Extia_Urban Cycle Frome 
4.2 Configuration of the I C E vehicle 
The ICE veh ic le s i m u l a t e d i n th i s chapter is the Accent 1.3 b u i l t by the 
H y u n d a i M o t o r C o m p a n y ( H M C ) . F igure 4.2 shows the ICE vehic le 
m o d e l made by J A N U S L E E . This m o d e l w o r k s by connec t ing each 
c o m p o n e n t i n a s i m i l a r w a y as i n an ac tua l vehic le . The f i n a l o u t p u t of 
th i s m o d e l is the veh ic le speed. The speed resul ts are r e tu rned to the 
M A T L A B w o r k s p a c e by the " s p d " b lock and s h o w n g r a p h i c a l l y by the 
" v e h i c l e speed" g r a p h b lock . The vehic le speed is compared w i t h the 
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r e q u i r e d speed(ob ta ined f r o m the d r i v i n g cycle) i n the " d r i v e r " b lock 
and then the i n p u t t h r o t t l e p o s i t i o n of the engine is dec ided i n the 
t h r o t t l e c o n t r o l l e r b lock . A c c o r d i n g to the i n p u t t h r o t t l e p o s i t i o n and 
engine speed the " e n g i n e " b lock calculates the engine to rque . The 
eng ine t o rque is t hen passed t h r o u g h each b lock such as c lu t ch , 
gearbox, f i n a l d r i v e , whee l s u n t i l i n the vehic le b lock i t is used to 
ca lcu la te veh ic le speed as descr ibed i n sect ion 4.2.8. The components 
used i n th i s veh ic le m o d e l can be used f o r other k i n d s of vehic le w i t h 
l i t t l e or no change. For example , the f i n a l d r i v e b lock can also be used 
i n the e lectr ic veh ic le w i t h o u t change, o n l y the f i n a l d r i v e ra t io w h i c h 
is the i n h e r e n t va lue o f each veh ic le s h o u l d be changed. H o w e v e r to 
use the eng ine b lock i n the series h y b r i d veh ic le i t needs some 
m o d i f i c a t i o n . 
Engine speed Engine torque 
Engine 
Clutoh OeaiboK Final drive Wheels Vehicle 
Vel-Dist Distance 
(mfs) io (km/h) speed 
Throttle/brake Driver 
0 -
Hj 
Vehicle 
Speed 
Clock Drive Cycle a 
Drive 
Cyde 
Figure 4. 2 I C Engine Vehicle Model 
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4.2.1 T h e D r i v e r 
Figu re 4.3 shows the " d r i v e r " m o d e l . There are t w o i n p u t s , the 
r e q u i r e d speed a n d the ac tua l speed. The " d r i v e r " compares the t w o 
i n p u t speeds a n d decides on the t h r o t t l e p o s i t i o n by a con t ro l l e r w h i c h 
has a cons tan t g a i n . The t h r o t t l e o u t p u t is l i m i t e d to between ±1 by 
the s a t u r a t i o n b lock be fo re b e i n g s u p p l i e d to the T h r o t t l e C o n t r o l l e r 
m o d e l . 
velocity throttle Saturation Controller Sum 
Figure 4. 3 Driver Model 
4.2.2 T h e T h r o t t l e C o n t r o l l e r 
As s h o w n i n F igu re 4.4 the i n p u t t h r o t t l e is d i v i d e d by t w o sa tu ra t ion 
b locks . The p o s i t i v e t h r o t t l e p o s i t i o n is sent to the engine m o d e l and 
the nega t ive t h r o t t l e p o s i t i o n is sent to the vehic le m o d e l f o r f r i c t i o n 
b r a k i n g . 
1 
brake position Saturation 
2h4 
throttle input 
throttle position Saturationi 
Figure 4.4 Throttle Controller Model 
4.2.3 T h e E n g i n e 
The Eng ine m o d e l is the mos t i m p o r t a n t c o m p o n e n t of the ICE vehic le . 
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I t has a v e r y c o m p l i c a t e d s t r uc tu r e a n d is s h o w n i n F igu re 4.5. The 
eng ine needs m a n y data tables such as Brake Specif ic Fuel 
C o n s u m p t i o n (BSFC), C a r b o n M o n o x i d e (CO) , N i t r o g e n O x i d e ( N O x ) , 
H y d r o c a r b o n ( H C ) table a n d t o rque curve . The f u l l data f i l e s f o r these 
tables and the t o r q u e cu rve of the Accen t 1.3 are i n c l u d e d i n A p p e n d i x 
2. The i n p u t s ignals of the engine m o d e l are the ac tua l speed of the 
veh ic l e , f r o m the veh ic le m o d e l , and the feedback speed f r o m the 
c l u t c h m o d e l . The ac tua l speed is used to decide i f the state of the 
eng ine is i d l e or no t . I f the state of the engine is i d l e the a m o u n t of 
i d l e f u e l c o n s u m p t i o n and emiss ions are added to the sum5 to sum8 
b locks . The engine t o rque is ca lcu la ted d e p e n d i n g on the t h r o t t l e 
p o s i t i o n and the eng ine speed. F i r s t of a l l the engine speed is 
c o n v e r t e d f r o m an a n g u l a r v e l o c i t y ( r a d / s ) to r e v o l u t i o n s per m i n u t e 
( r p m ) . Then the m a x i m u m t o r q u e va lue is ca lcu la ted f r o m the r p m and 
the m a x i m u m t o r q u e curve . The engine o u t p u t t o rque is ca lcula ted 
f r o m th i s m a x i m u m t o r q u e va lue and the t h r o t t l e p o s i t i o n . This engine 
o u t p u t t o r q u e is sent to the C l u t c h m o d e l w h i l s t the engine o u t p u t 
t o r q u e a n d the engine speed are sent to the maps of BSFC, CO, N O X 
a n d H C . C o n s e q u e n t l y the a m o u n t of the f u e l c o n s u m p t i o n and 
emiss ions are ca lcu la t ed . The ga in to gain3 b locks conver t the u n i t of 
BSFC, CO, N O x a n d H C f r o m g / k W h to g / k W s . I n a d d i t i o n the 
i n t e g r a t o r - i n t e g r a t o r s b locks c u m u l a t e the a m o u n t of each o u t p u t in 
o rde r to ca lcula te the a m o u n t of f u e l used d u r i n g the w h o l e d r i v i n g 
cycle . 
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Figure 4. 5 Engine Model 
4.2.4 T h e C l u t c h 
The c l u t c h is loca ted be tween the engine and the gearbox. I t t ransfers 
the t o r q u e f r o m the engine to the gearbox w i t h o u t change. H o w e v e r 
the speed f r o m the gearbox is l i m i t e d to be tween the i d l e r p m and 
m a x i m u m r p m by the s a t u r a t i o n b lock before sent to the engine b lock . 
The l i m i t a t i o n values are the i d l e speed and the m a x i m u m speed of 
the eng ine . F igu re 4.6 shows the c l u t c h m o d e l . 
Torque in Torque out 
r/s in 
(from g/box) 
Saturation r/s out 
(to engine) 
Figure 4. 6 Clutch Model 
24 
4.2.5 T h e G e a r b o x 
The gearbox m o d e l is s h o w n i n F igu re 4.7. There are three i n p u t s , the 
t o r q u e f r o m c l u t c h m o d e l , the ac tua l v e l o c i t y of vehic le f r o m the 
veh ic le m o d e l a n d the speed f r o m the f i n a l d r i v e m o d e l . The t w o 
o u t p u t s are the t o r q u e , sent to the f i n a l d r i v e m o d e l , and the speed, 
sent to the c l u t c h m o d e l . The gear ra t ios to use are set by the car 
m a n u f a c t u r e a n d w h i c h of these gears is to use dec ided by c o m p a r i n g 
the ac tua l v e l o c i t y of the veh ic le w i t h the v e l o c i t y range of each gear. 
The o u t p u t t o r q u e is ob t a ined by m u l t i p l y i n g the selected gear ra t io 
by the engine i n p u t t o r q u e . The o u t p u t t o rque is m u l t i p l i e d by the 
gearbox e f f i c i e n c y be fo re b e i n g sent to the f i n a l d r i v e . This gearbox 
e f f i c i e n c y is a cons tan t va lue . As speed is ca lcu la ted backwards f r o m 
the r o a d speed the speed o u t p u t f r o m the gearbox m o d e l is the engine 
speed. This is ca lcu la ted by m u l t i p l y i n g the i n p u t speed, f r o m the 
f i n a l d r i v e , by the selected gear r a t i o . 
a -
S u m 
V e 1-2 
S u m 1 
V e l 2-3 
S u m 2 
V e l 4 5 
— e^rMQ 
1 Product rfs_out 
rri 
ptm— 
P i o d u c t i E f f i d e n c y X 
LU 
T J n 
^ 
Pfoduct2 1 /Ef f fc iency 
Figure 4. 7 Gearbox Model 
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4.2.6 T h e F i n a l D r i v e 
The f i n a l d r i v e changes the r o t a t i o n a l speed by the f i x e d gear ra t io 
be tween the whee l s a n d the gearbox m o d e l . The i n p u t to rque is 
m u l t i p l i e d by the f i x e d cons tant gear r a t io and by the f i n a l d r i v e 
e f f i c i e n c y . The f i n a l d r i v e e f f i c i e n c y is i n v e r t e d by the s w i t c h b lock 
w h e n the i n p u t t o r q u e is nega t ive . I n the electr ic veh ic le m o d e l th i s 
nega t i ve t o r q u e is used f o r regenera t ive b r a k i n g . F igure 4.8 shows the 
f i n a l d r i v e b lock . 
T in 
Ratio'eff 
Ratio/eff 
m 
Switch 
T out 
rad/s out Ratio rad/s in 
Figure 4. 8 Final Drive Model 
4.2.7 T h e W h e e l s 
The whee l s b l o c k is s h o w n i n F igu re 4.9 and serves t w o f u n c t i o n s . 
F i r s t l y i t changes the l i nea r v e l o c i t y of the vehic le to the r o t a t i o n a l 
speed of the whee l s and secondly i t connects the f i n a l d r i v e to rque to 
a t r a c t i o n fo rce . The ga in respons ib le f o r these t w o convers ions is 
o b t a i n e d by e q u a t i o n 4 . 1 . 
E q u a t i o n 4.1 V = o r oj = V / r 
.-.gain = 1/r 
Where V: veh ic l e v e l o c i t y , m / s 
o: angu l a r v e l o c i t y , r a d / s 
r: w h e e l r a d i u s , m 
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A!<le torque i y W h e e l _ r a d i u s 1 Tract ion force 
velocit j f 1Af l /heei_radius2 axle rad/s 
Figure 4. 9 Wheels Model 
4.2.8 T h e V e h i c l e 
The veh ic le b lock is based on the s t anda rd e q u a t i o n of m o t i o n as 
desc r ibed i n e q u a t i o n 4.2. The r e q u i r e d o u t p u t of the vehic le m o d e l is 
the v e l o c i t y of the veh ic le t he re fo re the vehic le m o d e l is rea l ized as a 
v i s u a l b lock d i a g r a m as s h o w n i n F igu re 4.10 This equa t ion contains 
the cons tan t pa ramete r values r e l evan t to the vehic le and the t w o 
i n p u t values t r a c t i o n fo rce , f r o m the wheels m o d e l , and the b r a k i n g 
fo rce f r o m the t h r o t t l e c o n t r o l l e r . The b r a k i n g f o r c e l is l i m i t e d to 
be tween -1 a n d 0 by the d r i v e r and the t h r o t t l e con t ro l l e r m o d e l as 
m e n t i o n e d i n sec t ion 4.2.1 a n d 4.2.2 a n d m u l t i p l i e d by the g a i n l w h i c h 
is the m a x i m u m b r a k i n g force . T y p i c a l l y the m a x i m u m b r a k i n g force 
of 2000N is used. 
E q u a t i o n 4.2 F = M a 
Ft - Fd - Fr -Fg + Fb = M - d v / d t 
W h e r e Ft = T r a c t i o n Force 
Fd = 0.5-p-Cd-A- V2 ( D r a g Force) 
Fr = C r - M - g ( R o l l i n g Resistance Force) 
Fg = M-g-s in9 (Grav i ty Force) 
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Fb = B r a k i n g Force 
p: d e n s i t y of a i r , k g / C a : c o e f f i c i e n t of d r a g 
A : f r o n t a l area, m2 V: veh ic le v e l o c i t y , m / s 
Cr: c o e f f i c i e n t of r o l l i n g resistance 
M : mass of veh ic le , k g 
g: acce lera t ion due to g r a v i t y , 9 .81m / s2 
9: angle of g r a d i e n t 
1 -
Drag effecti 
Traction forcel — 
M ass (i nv« r»)1 I nte g rato t2 
Gravity forcel 
brakir^ g forcel 
Swrtch3 
gain1 
Rolling resistancel 
velocttjrl 
ConstanM 
Figure 4.10 Vehicle Model 
4.2.9 D a t a F i l e s 
The ICE veh ic le s i m u l a t i o n requi res a large q u a n t i t y of data such as 
the d r i v i n g cycle f i l e s , a s p e c i f i c a t i o n f i l e of the vehic le and BSFC and 
Emiss ions data f i l e s f o r the engine . A l l the data m e n t i o n e d above are 
g i v e n i n A p p e n d i x 1 a n d 2 f o r the H y u n d a i Accent 1.3. Of course i f 
th i s data is ava i l ab le any car can be s i m u l a t e d by the ICE vehicle 
m o d e l descr ibed i n th i s chapter . 
4.3 Simulation of the I C E Vehicle 
This sec t ion discusses the ana lys i s a n d the resul ts of the ICE vehic le 
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s i m u l a t i o n . There are t w o purposes f o r the ICE vehic le s i m u l a t i o n . 
F i r s t l y is the d e m o n s t r a t i o n of the accuracy and the e f f i c i e n c y of the 
c o m p u t e r s i m u l a t i o n . I n the case of the ICE veh ic le the s i m u l a t i o n 
resu l t s can be c o m p a r e d w i t h rea l test data ob ta ined by a manufac tu r e 
or g o v e r n m e n t test f i g u r e s . 
Secondly the s i m u l a t i o n resul ts f o r the electr ic or h y b r i d vehic le mus t 
be c o m p a r e d w i t h those of the ICE veh ic le . U n f o r t u n a t e l y i t is on ly 
poss ib le to compare the f u e l economy of the ECE-15 and the 
E x t r a _ U r b a n cycle because other data such as the f u e l economy of 
J227a_D cycle a n d the emiss ions data f o r a l l cycles were no t avai lable 
f r o m the H y u n d a i M o t o r C o m p a n y . I n S I M U L I N K the user can get the 
s i m u l a t i o n r e su l t by means of a n u m e r i c a l va lue or i n the f o r m of a 
g r a p h . I n th i s thesis the g r a p h i c a l resul ts are m a i n l y used i n order to 
compare p e r f o r m a n c e eas i ly . Table 4.2 shows the Accen t 1.3 test data, 
of course f u l l p r o f i l e data is l i s t e d i n A p p e n d i x 2. 
Vehicle Test Wfeight (kg) 1100 
Drag Coefficient 0.317 
Rolling Resistance Coefficient 0.018 
Frontal Area (m') 1.91 
Wieel Radius (m) 0.289 
Engine Max. Speed (rev/min) 5500 
Transmission Ratio 1st 3.462 
2nd 2.053 
3rd 1.370 
4th 1.031 
5th 0.838 
Rnal Drive Ratio 3.842 
Table 4. 2 Accent 1.3 Vehicle Data 
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4.3.1 A n a l y s i s of the I C E V e h i c l e S i m u l a t i o n 
The H y u n d a i Accen t 1.3 was the base vehic le s i m u l a t e d w i t h f u l l 
pa ramete r de ta i l s b e i n g g i v e n i n A p p e n d i x 2. F igure 4.11 shows the 
d i f f e r e n c e be tween the r e q u i r e d veh ic le v e l o c i t y , i l l u s t r a t e d by the 
d o t t e d l i n e , a n d the ac tua l v e l o c i t y i l l u s t r a t e d by the so l i d l i ne . As 
s h o w n i n F igu re 4.11 there is l i t t l e d i f f e r e n c e be tween the t w o l ines . 
C o n s e q u e n t l y the s i m u l a t i o n has opera ted success fu l ly . F igure 4.12 
shows the change of the r p m of the engine d u r i n g the cycle. The 
s u d d e n d rops i n r p m is due to the change of the gear r a t i o . The d r o p 
p o i n t s are exac t ly ma tched to the v e l o c i t y ranges of the gearbox m o d e l 
w h i c h were m e n t i o n e d i n sect ion 4.2.5. This demonst ra tes the correct 
f u n c t i o n i n g of the gearbox. The change of the engine to rque is s h o w n 
F i g u r e 4.13. The d o t t e d l i n e w h i c h describes the cycle speed is used 
f o r c o m p a r i s o n p u r p o s e . W h e n there is a change i n the gear ra t io the 
eng ine t o r q u e changes i n the shape of steps as the t o rque is e f f e c t i v e l y 
cons tan t f o r cons tan t accelera t ion . F igu re 4.14 shows the f u e l 
c o n s u m p t i o n of the cycle . I t shows the d i f f e r e n c e i n the f u e l 
c o n s u m p t i o n w h e n the veh ic le is acce lera t ing and w h e n ope ra t i ng at 
cons tan t speed v e r y c l ea r ly . W h e n the vehic le is i d l i n g or b r a k i n g the 
i d l e f u e l c o n s u m p t i o n is used as s h o w n i n F igure 4.14. F igure 4.15, 16, 
17 show the emiss ions exhaus ted f r o m the engine d u r i n g the 
E x t r a _ U r b a n d r i v i n g cycle . The shapes of three emissions are ve ry 
s i m i l a r to the shape of the f u e l c o n s u m p t i o n . H o w e v e r i n the case of 
the N O x emi s s ion there is nea r ly zero emiss ion i n the i d l i n g or l o w 
cons tan t speed r e g i o n . 
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4.3.2 S i m u l a t i o n R e s u l t s 
Table 4.2 shows the s i m u l a t i o n resul ts f o r the Accent 1.3. The resul ts 
f o r the E x t r a _ U r b a n cycle show the s i m u l a t i o n resul ts to compare w i t h 
H y u n d a i test data to w i t h i n 5% and the re fo re g ive conf idence to the 
accuracy o f the s i m u l a t i o n m e t h o d f o r use i n la ter chapters . The er ror 
over the ECE-15 cycle is b igger than the e r ror f o r the Ex t r a_Urban 
cycle because the r ea l test data of the ECE-15 cycle f r o m H M C is 
o b t a i n e d f r o m a c o l d s tar t . The s i m u l a t i o n resul ts a lways assume a 
w a r m engine . I f the s t a r t i n g t empera tu res are d i f f e r e n t the d i f f e r ence 
can be e l i m i n a t e d by E q u a t i o n 4 .3 l i ] . I t is no t poss ible to compare the 
emiss ions data w i t h o f f i c i a l data because no emiss ions data f o r Accent 
1.3 is ava i l ab le . H o w e v e r the emiss ions data are s h o w n i n Table 4.3 fo r 
c o m p a r i s o n w i t h the series or p a r a l l e l h y b r i d veh ic le i n later Chapters . 
ECE-15 J227a_D Ex1ra_(Jrban 
HMC Data(km/1) 10.88 - 15.80 
Simulation Data(lcnn/ i ) 12.26 15.86 16.49 
Error(%) +1268 - +4.37 
Table 4. 3 Accent 1.3 Simulation Results 
ECE-15 J227a_D Exlra_Urban 
CO^I<m) 5.36 3.68 3.39 
Nox^km) 1.46 213 2.42 
HC^I<m) 1.25 0.81 0.72 
Table 4. 4 Accent 1.3 Emissions Results 
Equation 4.3 / T - /o - T /20 ( /2o - /o) 
/o = 0.88ei*2/(i.42+d) 
/20 = 0.48ei3-7/(i3.7+d) 
d is the c u m u l a t i v e dis tance t r ave l ed i n k i lome te r s and 
T is the a m b i e n t t e m p e r a t u r e °C 
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4.4 Conclusion 
I n th i s chapter a m o d e l of ICE veh ic le is assembled and s i m u l a t e d by 
J A N U S L E E . Some c o m p o n e n t mode l s , w h i c h are used f o r the ICE 
veh ic le s i m u l a t i o n , such as gearbox, f i n a l d r i v e a n d wheels etc. are 
also used f o r o ther types of veh ic le . A c c o r d i n g to the graphs 
i l l u s t r a t e d i n sect ion 4.3.1 i t is c o n f i r m e d tha t the ICE vehic le mode l 
acts c o r r e c t l y . The f u e l economy a n d the emiss ions data are also 
o b t a i n e d by the s i m u l a t i o n . The accuracy and r e l i a b i l i t y are p r o v e d by 
the c o m p a r i s o n be tween the accent 1.3 s i m u l a t i o n resul ts and the real 
test data f r o m H y u n d a i M o t o r C o m p a n y . I n a d d i t i o n these s i m u l a t i o n 
resu l t s w i l l be also used to compare w i t h the series and the p a r a l l e l 
h y b r i d veh ic le s i m u l a t i o n resu l t s . 
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5. Performance of the Electric Vehicle 
5.1 Configuration of the Electric Vehicle 
The e lect r ic veh ic le m e n t i o n e d sect ion 2.2 w i l l be s imu la t ed and 
d i scussed i n th i s chapter . The s i m u l a t i o n m o d e l of the electric vehic le 
is s h o w n i n F i g u r e 5.1 a n d is m u c h s imp le r than tha t of the ICE 
veh ic le as there is no c l u t c h or gearbox. I n order to b u i l d the electric 
veh ic le m o d e l m a n y c o m p o n e n t models used i n the ICE vehic le , such 
as the f i n a l d r i v e and the veh ic le b lock , can be used w i t h a l i t t l e or no 
change. T h e r e f o r e i n t h i s sec t ion o n l y the models w h i c h are made 
s p e c i f i c a l l y f o r the e lectr ic veh ic le are discussed. 
Motor Final drive Wheels 
Psoc 
Motor Corrtroller Battery-FDM 
Vehicle 
1/s Distance 
distance Distance 
W(m/s) to (km/h) 
X - J | Drive 
i _ i i J | Cycle 
velocity | 
Velocity 
Velocity 
55H—G 
Throttle/brake Driver Drive Cycle Clock 
Figure 5.1 Electric Vehicle Model 
5.1.1 D a t a F i l e s 
The e lect r ic veh ic le m o d e l l e d i n th i s chapter is the ETV-1 b u i l t f o r the 
US D e p a r t m e n t of Energy by the genera l Electr ic C o m p a n y (USA) and 
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the C h r y s l e r Corporat ion. [22] 
I n a s i m i l a r w a y to the ICE veh ic le m o d e l the electr ic vehic le m o d e l 
also requ i res a n u m b e r of data f i l e s to be spec i f i ed to a l l o w the 
s i m u l a t i o n to beg in . The veh ic le data f i l e ' e t v l . m ' has many 
paramete rs a n d data such as veh ic le w e i g h t , w h e e l r ad ius and r o l l i n g 
resistance c o e f f i c i e n t etc. The ba t t e ry data f i l e ' ev2_13 .m ' and the 
m o t o r data f i l e ' e t v _ m o t l . m ' w h i c h has the m o t o r e f f i c i e n c y map also 
b e l o n g to ' e t v l . m ' . These three data f i l e s are l i s t ed i n A p p e n d i x 3. 
Table 5.1 shows the E T V - 1 test data used to s imula te i n th is chapter . 
Vehicle Test Weight (kg) 1795 
Drag Coefficient 0.32 
Rolling Resistance Coefficient 0.01 
Frontal Area (m') 1.875 
Wheel Radius (m) 0.28 
Motor Max Speed (reWmin) 5000 
Motor Max Power (kW) 30 
Final Drive Ratio 5.68 
Battery Wteight (kg) 495 
Battery Type EV2-13 (lead-acid) 
Table 5.1 ETV-1 Vehicle Data 
5.1.2 T h e T h r o t t l e C o n t r o l l e r 
The t h r o t t l e c o n t r o l l e r m o d e l is s l i g h t l y d i f f e r e n t f r o m the one used in 
the ICE veh ic le as s h o w n i n F igu re 5.2. The t h r o t t l e i n p u t is l i m i t e d to 
be tween -1.5 a n d 1 by the d r i v e r m o d e l . The " s a t u r a t i o n ! " b lock 
l i m i t s the i n p u t t h r o t t l e be tween -1 a n d 1 and p r o v i d e s to the " m o t o r " 
m o d e l i l l u s t r a t e d i n F igu re 5.1 f o r veh ic le r u n n i n g and regenerat ive 
b r a k i n g . The va lue be tween -1.5 and -1 is l i m i t e d by the " s a t u r a t i o n " 
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b lock a n d a d d e d to a cons tant va lue . This added va lue is p r o v i d e d to 
the " v e h i c l e " m o d e l i l l u s t r a t e d i n F igu re 5.1 f o r the f r i c t i o n b r a k i n g . 
br^ke position 
Constant 
S u m Saturation 
1 
throttle input 
throttle position Saturat ion i 
Figure 5. 2 Throttle Controller 
5.1.3 The Motor 
The m o t o r i n the e lectr ic veh ic le acts i n the same w a y as the engine i n 
the ICE veh ic le . The m o t o r b lock d i a g r a m is s h o w n i n F igure 5.3 and 
p roduces t w o i m p o r t a n t o u t p u t s ; the m o t o r t o rque o u t p u t f o r d r i v i n g 
the veh ic le a n d the p o w e r i n p u t r e q u i r e d f r o m the ba t te ry mode l . The 
m o t o r t o r q u e is ca l cu la t ed f r o m the t h r o t t l e p o s i t i o n and the m o t o r 
speed by a s i m i l a r t echn ique as tha t used i n the ICE engine m o d e l . 
The t h r o t t l e p o s i t i o n is m u l t i p l i e d by the to rque f r o m the m a x i m u m 
t o r q u e c u r v e to ob t a in the m o t o r t o rque . The o u t p u t m o t o r to rque is 
also used to ca lcula te the p o w e r s u p p l i e d to the mo to r . I n this case 
o u t p u t t o rque is m u l t i p l i e d by the r o t a t i o n a l speed of the m o t o r and 
t hen the r e su l t is m u l t i p l i e d by the m o t o r e f f i c i e n c y . The s w i t c h block 
is used to d i s t i n g u i s h the p l u s or m i n u s s ign of the m o t o r to rque . 
W h e n the m o t o r t o r q u e is p o s i t i v e p o w e r is s u p p l i e d f r o m the bat tery 
w h i l s t w h e n i t is nega t ive p o w e r is r e t u r n e d to the ba t te ry . This 
nega t i ve f l o w of p o w e r occurs d u r i n g regenera t ive b r a k i n g and is used 
to charge the ba t t e ry . 
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Figure 5. 3 Motor Model 
5.1.4 The Motor Controller 
The m o t o r c o n t r o l l e r has i ts o w n e f f i c i e n c y . Because i n th i s pa r t of the 
m o d e l p o w e r f l o w is " b a c k w a r d s " w h e n the m o t o r i n p u t p o w e r is 
p o s i t i v e p o w e r s u p p l i e d by the ba t t e ry to the m o t o r the e f f i c i e n c y is 
i n v e r t e d a n d t hen m u l t i p l i e d by the m o t o r p o w e r . I n contras t nega t ive 
m o t o r p o w e r is m u l t i p l i e d by the e f f i c i e n c y . Both of above resul ts are 
s u p p l i e d to the ba t t e ry f o r u p d a t i n g the state of charge of the ba t te ry . 
F i g u r e 5.4 shows a m o t o r c o n t r o l l e r b lock . I t s h o u l d be no ted tha t th is 
c o n t r o l l e r e f f i c i e n c y c o u l d be c o m b i n e d , and i n c l u d e d i n , the m o t o r 
e f f i c i e n c y . For some m o t o r s , such as the i n d u c t i o n m o t o r d r i v e , th is is 
the mos t c o n v e n i e n t app roach as the m o t o r and con t ro l l e r f r o m a 
c o m p l e t e u n i t . I n the case of a d.c. m o t o r such as tha t m o d e l l e d here a 
separate e f f i c i e n c y is used. 
i t l O l l 
1/eff 
Motor Term, poraer 
Swritoh 
Eff 
powei/eff Battery power 
Figure 5.4 Motor Controller Model 
37 
5.1.5 The Battery 
The E T V - 1 e lect r ic veh ic le uses EV2-13 lead-ac id bat ter ies w h i c h are 
m o d e l l e d by the f r a c t i o n a l d i scha rged m o d e l ( F D M ) . This ba t te ry 
m o d e l is based on energy and p o w e r dens i ty r e l a t ionsh ips and is 
s h o w n i n F igu re 5.5. W h e n the ba t t e ry is d i s c h a r g i n g the equat ions 5.1 
to 5.3 are used a n d w h e n c h a r g i n g a constant charge e f f i c i ency is 
used . [ i ] 
E q u a t i o n 5.1 Pdi = e x p [ A ( l n T p ) 2 + B l n ( T p ) + C ] 
E q u a t i o n 5.2 ip = e x p { l / 2 [ - B / A + [ ( B / A ) 2 - 4 ( C - l n P d i ) / A ] i / 2 ] } 
E q u a t i o n 5.3 S O C ( S t a t e of Charge) = I ( l /Tp36 )d t , SOC i n % 
I n the above equa t ions A , B and C are constants d e p e n d i n g on the 
ba t t e ry t y p e f o r example the values of the EV2-13 are as f o l l o w . 
A: -0.03516 B: -0.69045 C : 3.31975 
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Figure 5. 5 Battery Model 
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5.2 Simulation of the Electric Vehicle 
5.2.1 Analysis of the Electric Vehicle Simulation 
As s h o w n i n F i g u r e 5.6 w h e n s i m u l a t e d over the E x t r a _ U r b a n cycle the 
E T V - 1 can n o t meet the h i g h speed accelera t ion r equ i r emen t occu r ing 
at abou t 350s i n t o the cycle because i t has o n l y a 30kW electric mo to r . 
A t th i s p o i n t the p o w e r r e q u i r e d by the vehic le can be ca lcula ted by 
the e q u a t i o n 4.2 as abou t 39kW. Consequen t ly the ETV-1 can not be 
d r i v e n i n the E x t r a _ U r b a n cycle . There fo re i n th i s chapter the 
p e r f o r m a n c e of the veh ic le over the ECE-15 and the J227a-d cycle is 
s i m u l a t e d w i t h g r a p h i c a l resul ts f o r the ECE-15 cycle s i m u l a t i o n be ing 
d iscussed . 
/ 
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Figure 5.10 Battery SOC Result 
Figu re 5.7 i l l u s t r a t e s the d i f f e r e n c e be tween the r e q u i r e d speed and 
s i m u l a t i o n speed of the veh ic le . The s i m u l a t i o n speed is a lmos t 
i d e n t i c a l to the r e q u i r e d speed the re fo re the s i m u l a t i o n is successful . 
F igu re 5.9 shows the m o t o r t o rque d u r i n g the ECE-15 cycle. There are 
no step changes i n th i s g r a p h because the electr ic vehic le does no t 
have a va r i ab le r a t i o gearbox. The p o s i t i v e to rque means that the 
veh ic le is acce le ra t ing or be ing d r i v e n at constant speed. Nega t ive 
t o r q u e means the veh ic le is b r a k i n g . S i m i l a r l y the m o t o r speed does 
n o t have the s a w - t o o t h e d shapes s h o w n i n f i g u r e 5.8 because there is 
no va r i ab l e r a t i o gearbox i n the electr ic vehic le . F igure 5.10 shows the 
change of the state of charge(SOC) of the Bat tery . This g r aph shows 
the c h a r g i n g a n d the d i s c h a r g i n g s i t u a t i o n ve ry w e l l . I n p a r t i c u l a r 
w h e n the veh ic le is b r a k i n g the SOC goes up s h o w i n g that the 
r egenera t ive b r a k i n g energy acts p r o p e r l y . I n cont ras t to the ICE 
veh ic le w h e n the e lectr ic veh ic le is s t a t iona ry no " f u e l " is be ing used 
a n d the ba t t e ry SOC remains constant . I n the case of this s i m u l a t i o n 
a f t e r one ECE-15 cycle the SOC changes f r o m 100% to 99.0827%. This 
means 0.9173% of the SOC is used f o r one ECE-15 cycle. Therefore i f 
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th i s veh ic le is d r i v e n c o n t i n u o u s l y over an ECE-15 cycle (urban 
c o n d i t i o n s ) i t can be d r i v e n f o r o n l y 107.73km as ca lcu la ted us ing 
e q u a t i o n 5.4. C o n s e q u e n t l y the electr ic vehic le has a range l i m i t a t i o n 
t h o u g h i t does n o t p r o d u c e any exhaust emiss ions or need p e t r o l e u m 
resource. The s i m u l a t i o n resul ts are s h o w n i n Table 5.2. As shown i n 
th i s table the range l i m i t a t i o n of the J227a_D cycle is m u c h shorter 
than tha t of the ECE-15 cycle . 
E q u a t i o n 5.4 100(%) / (100 - 99.0827)(%) = 109.02(cycles) 
109.2 * 0 .9882(km) = 107.73(km) 
w h e r e 0 .9882km is a d is tance a f t e r one ECE-15 cycle 
SOqyt/cycle) Dista nce(km/cycle) Range(km) 
ECE-15 0.9173 0.9882 107.7 
J227a_D 2.0428 1.5506 75.9 
Table 5. 2 ETV-1 Simulation Results 
5.2.2 Regenerative Braking Energy 
One of the b i g d i f f e r ences be tween the ICE vehic le and the electric 
veh ic le is the r ecovery of energy t h r o u g h regenera t ive b r a k i n g as 
d e m o n s t r a t e d by F i g u r e 5.10. I n th i s sect ion the a m o u n t of the 
r egenera t ive b r a k i n g energy a n d the energy f l o w i n the electric vehicle 
w i l l be descr ibed by reference to F igu re 5.11. This d i a g r a m shows the 
f l o w of energy f o r the E T V - 1 over the J227a_D cycle. I t also shows 
h o w a l l the ene rgy is used by the s i m u l a t i o n . I n a d d i t i o n th is f i g u r e 
con ta ins the r ea l test resultst^] . I n the f i g u r e bracketed data are the 
rea l test resul ts a n d non-b racke ted data are the s i m u l a t i o n resul ts . As 
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can be seen the differences are very small consequently the accuracy of 
the simulation can be proven. As shown in the graph 632.5kJ/km of 
energy flows through the motor and it is used to supply losses in the 
motor controller, motor and overcome drag and rolling resistance etc. 
220.5kJ/km of energy is used for motoring and stored in the vehicle as 
kinetic energy. When the vehicle is braking some of this energy is 
used to supply losses in the vehicle drive system until finally 
117.8kJ/km of energy is produced by the regenerative braking energy 
and passed back to the battery. This regenerative energy increases the 
vehicle range by approximately 10.5%. 
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Figure 5.11 Energy Flow of ETV-1 over J227a_D Cycle 
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5.2.3 Relationship between the Weight of Battery and Vehicle 
Range 
The range of the ECE-15 cycle ca lcu la ted i n sect ion 5.2.1 is 107.73km. 
Th i s means E T V - 1 can be d r i v e n 107.73km f r o m 100% the SOC to 0% 
w i t h o u t c h a r g i n g . I t is n a t u r a l to assume tha t i f an electric vehic le 
needs m o r e range i t m u s t have a larger ba t t e ry . H o w e v e r as the 
ba t t e ry becomes heav ie r the w e i g h t of the vehic le also becomes heavier . 
I n th i s case the w a y the ba t t e ry energy is used has to be cons idered . 
Table 5.3 shows the data f o r the E T V - 1 w h e n the w e i g h t of the ba t te ry 
is changed f r o m 200kg~800kg w h i l s t F igure 5.12 p lo t s speci f ic range 
( d e f i n e d as range per k i l o g r a m of ba t t e ry ) agains t speci f ic w e i g h t 
( d e f i n e d as the r a t io of ba t t e ry w e i g h t to t o t a l veh ic le w e i g h t ) . As 
s h o w n i n the F igu re 5.12 the "best" percentage of ba t t e ry w e i g h t is 
25 -28%. A t ba t t e ry f r a c t i o n above th i s most of ext ra energy is used i n 
s i m p l y p r o p e l l i n g the a d d i t i o n a l ba t t e ry w e i g h t whereas at l ower 
ba t t e ry f r a c t i o n s the ba t t e ry is no t be ing used e f f i c i e n t l y due to large 
spec i f ic ba t t e ry p o w e r s ( k W / k g ) . Th is cu rve is t y p i c a l f o r a lead-acid 
b a t t e r y . 
Batt.\/\feight(kg) 200 300 400 500 600 700 800 
BattV\/tA/eh.Wt(%) 13.3 18.8 23.5 27.8 31.6 35 38.1 
SOC(%/cycle) 2.7738 1.6273 1.1481 0.9076 0.7604 0.6765 0.6179 
Distance(m) 989.37 988.97 988.57 988.2 987.81 987.42 987.02 
Range(km) 35.7 60.8 86.1 108.9 129.9 146 159.7 
Range/Batt.Wt(km/kg) 0.1785 0.2025 0.2153 0.2178 0.2165 0.2085 0.1997 
Table 5.3 Batteiy Weight and Vehicle Range 
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5.3 Conclusion 
The e lect r ic veh ic l e has a v e r y s i m p l e c o n s t r u c t i o n because i t does no t 
need a c l u t c h or gearbox as descr ibed i n sect ion 5 .1 . M a n y of the 
m o d e l l i n g componen t s w h i c h are used i n the ICE vehic le such as the 
d r i v e r , the f i n a l d r i v e and the veh ic le b locks are used again f o r 
m o d e l l i n g the e lectr ic veh ic le . The m o t o r , m o t o r con t ro l l e r and ba t te ry 
b l o c k are n e w componen t s r e q u i r e d f o r the electr ic vehic le m o d e l . The 
range of the e lectr ic veh ic le is l i m i t e d by the capaci ty of the ba t te ry , 
b u t i t has no exhaus t emiss ions a n d requi res no p e t r o l . A l t h o u g h the 
e lec t r ic veh ic le has no exhaus t emiss ions , emiss ions w i l l be p roduced 
b y the p o w e r s ta t ions r e q u i r e d to s u p p l y the e l ec t r i c i t y . The electric 
veh ic le is v e r y u s e f u l f o r c o m m u t i n g , s h o p p i n g , and f o r d e l i v e r y 
vehic les o p e r a t i n g i n an u r b a n area. I n p a r t i c u l a r i t is most u s e f u l f o r 
the car w h i c h t r ave l s shor t d is tance each day, t y p i c a l l y less than 
5 0 ~ 7 0 k m , m a i n l y t h r o u g h s l o w - m o v i n g t r a f f i c w i t h a 2 0 ~ 3 0 k m / h 
average speed. 
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6. Performance of the Series Hybrid Vehicle 
6.1 Operating Modes of the Auxiliary Power Unit 
A s i g n i f i c a n t advan tage of the series h y b r i d electr ic vehic le is the 
a b i l i t y to opera te the engine c o m p l e t e l y i n d e p e n d e n t l y of road 
c o n d i t i o n s . The engine can be opera ted i n a r eg ion of h i g h e f f i c i ency 
a n d l o w emiss ions . The re fo re the t echn ique of h o w , and w h e n , to r u n 
the I C eng ine is v e r y i m p o r t a n t . There are bas ica l ly t w o possible 
modes : 
• Constant operation : The engine produces the average e lec t r ica l 
p o w e r d e m a n d and operates a l l t imes . 
• Intermittent operation : The engine is opera ted accord ing to the 
ba t t e ry SOC or the road p o w e r requ i rements 
w h i c h are m o n i t o r e d c o n t i n u o u s l y . Hence, the 
engine is opera ted f o r pa r t of the t i m e . This 
means the veh ic le can be d r i v e n as an electric 
veh ic le w h e n the engine is n o t needed. 
I n th i s chapter the i n t e r m i t t e n t o p e r a t i o n opera ted by the ba t te ry SOC 
w i l l be used . The eng ine is used o n l y w h e n the ba t te ry SOC lies 
be tween a s p e c i f i e d m i n i m u m SOC a n d m a x i m u m SOC. For example i n 
t h i s chapter the m i n i m u m and m a x i m u m SOC are set at 40 and 60% 
re spec t i ve ly . T h e r e f o r e the engine is s w i t c h e d on w h e n the bat tery 
SOC becomes 40% a n d runs at a spec i f i ed r p m and p o w e r o u t p u t u n t i l 
the ba t t e ry SOC becomes 60%. To achieve constant p o w e r o u t p u t the 
eng ine can be ope ra ted by d i f f e r e n t c o n t r o l s trategies; name ly constant 
t h r o t t l e o p e r a t i o n or cons tan t speed ope ra t i on . The behavior and 
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charac ter i s t ics of the e lec t r i ca l sys tem m u s t be ana lyzed i n de t a i l f o r 
the i m p l e m e n t a t i o n of above t w o c o n t r o l me thods and these t w o 
c o n t r o l me thods w e r e researched i n d e t a i l i n past woTk.W[6]l23] 
6.2 Configuration of the Series Hybrid Vehicle 
F i g u r e 6.1 is a b l o c k d i a g r a m of the series h y b r i d vehic le m o d e l . As 
e x p l a i n e d i n sect ion 1.3.1 o n l y the electr ic m o t o r d r ives the vehic le 
a n d consequen t ly the series h y b r i d veh ic le needs a large size m o t o r f o r 
the E x t r a _ U r b a n cycle w h i c h requ i res h i g h speed and large power . 
Th i s m o d e l of a series h y b r i d uses an i n d u c t i o n m o t o r w h i c h is more 
p o w e r f u l t h a n the d.c. m o t o r used i n the E T V - 1 . I n a d d i t i o n the m o t o r 
c o n t r o l l e r e f f i c i e n c y is i n c l u d e d i n the i n d u c t i o n m o t o r e f f i c i e n c y map 
t h e r e f o r e th i s m o d e l does n o t need the m o t o r c o n t r o l l e r b lock as the 
e lec t r ic veh ic l e . The a u x i l i a r y p o w e r u n i t ( A P U ) , w h i c h is composed of 
the I C engine , the genera tor a n d the A P U con t ro l l e r , suppl ies electric 
ene rgy to the ba t t e ry or the m o t o r . The s t ruc tu re of the series h y b r i d 
veh ic l e is v e r y s i m i l a r to the e lectr ic veh ic le except f o r the A P U and 
th i s w i l l be d iscussed i n f o l l o w i n g sections. The vehic le data f i l e , 
s h v . m , is l i s t e d i n A p p e n d i x 4. 
6.2.1 The A P U Model 
6.2.1.1 The Engine 
The I C engine m o d e l f o r the series h y b r i d vehic le is s imp le r than that 
r e q u i r e d f o r the ICE veh ic le as i t does n o t need to m o d e l i d l e 
c o n d i t i o n s . The engine m o d e l s h o w n i n F igu re 6.2 is s i m i l a r to tha t 
descr ibed p r e v i o u s l y i n sect ion 4.2.3 b u t the b locks re la ted to i d l e 
r e v o l u t i o n have been r e m o v e d . 
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6.2.1.2 The Generator 
The genera tor m o d e l conver t s the mechanica l energy f r o m the engine 
i n t o the e lec t r i ca l energy to the ba t t e ry and is m o d e l l e d by a constant 
e f f i c i e n c y as i l l u s t r a t e d i n F igu re 6.3. 
in_1 Efficiency out 1 
Figure 6. 3 Generator Model 
6.2.1.3 T h e A P U Contro l l er 
The A P U c o n t r o l l e r m o d e l is f o r i n t e r m i t t e n t ope ra t i on of the A P U . I n 
p a r t i c u l a r th i s c o n t r o l l e r swi tches the IC engine on & o f f d e p e n d i n g on 
the ba t t e ry SOC. F i g u r e 6.4 shows the b l o c k d i a g r a m of the A P U 
c o n t r o l l e r . The t w o re lay b locks m o n i t o r the ba t t e ry SOC and s u p p l y 
the f i x e d eng ine speed and t h r o t t l e o p e n i n g w h e n the ba t te ry SOC 
reaches the m i n i m u m a l l o w e d SOC. The A P U stays i n opera t ion u n t i l 
the SOC reaches the m a x i m u m a l l o w e d va lue w h e n i t is sw i t ched o f f . 
W h e n the A P U is s w i t c h e d on the engine operates at constant power 
as d e t e r m i n e d by a f i x e d engine speed and t h r o t t l e o p e n i n g selected 
f o r g o o d f u e l c o n s u m p t i o n and l o w emiss ions . The dec is ion about the 
eng ine size, the eng ine speed a n d the t h r o t t l e o p e n i n g w i l l be 
d iscussed i n sections 6.3 a n d 6.4. 
speed out Relay l SOC In 
throttle Relay2 
Figure 6.4 APU Controller Model 
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6.2.2 The Motor 
The s t r u c t u r e of the m o t o r m o d e l is exact ly same as the one fo r the 
E T V l as s h o w n i n F igu re 5.2. H o w e v e r the m o t o r used i n th i s series 
h y b r i d veh ic le is an i n d u c t i o n m o t o r w h i c h has a m a x i m u m speed of 
8 0 0 0 r p m and a m a x i m u m p o w e r of 37 .3kW and no t the DC m o t o r used 
i n the E T V l . W i t h th i s i n d u c t i o n m o t o r the vehic le can d r i v e the 
E x t r a _ U r b a n cycle due to the m o t o r increased p o w e r and speed range. 
The i n d u c t i o n m o t o r f i l e 'imSOOO.m' is f u l l y l i s t e d i n A p p e n d i x 4 and 
con ta ins de ta i l s o f the m o t o r e f f i c i e n c y m a p . I n a d d i t i o n the m o t o r 
e f f i c i e n c y m a p i nc ludes the m o t o r con t ro l l e r e f f i c i e n c y there fore the 
veh ic l e m o d e l s h o w n i n F igu re 6.1 does n o t need the m o t o r con t ro l l e r 
p resen t i n the e lectr ic veh ic le m o d e l . 
6.3 Consideration of Motor and Engine Size 
I t is v e r y d i f f i c u l t to decide on the o p t i m u m size of the m o t o r and the 
eng ine f o r use i n a series h y b r i d veh ic le because there are many 
fac to r s w h i c h need to be cons ide red i n the des ign process. 
Before the m o t o r a n d the engine size can be d e t e r m i n e d the power 
r e q u i r e d over the o p e r a t i n g schedule mus t be k n o w n . T y p i c a l l y th i s 
o p e r a t i n g schedule w i l l be a set of d e f i n e d d r i v i n g cycles such as 
those desc r ibed i n sec t ion 4 . 1 . These d r i v i n g cycles are aga in s h o w n i n 
F i g u r e 6.5 w i t h p a r t i c u l a r p o i n t s i n these cycles n u m b e r e d . A t each of 
these p o i n t s the v e l o c i t y a n d accelera t ion can be t abu la t ed as shown i n 
Table 6 .1 . W i t h th i s data, a n d k n o w i n g the vehic le w e i g h t , d r ag 
c o e f f i c i e n t etc. t hen the r e q u i r e d t r a c t i o n force can be ca lcula ted us ing 
e q u a t i o n 4.2. This force is r e a d i l y conve r t ed i n t o a m o t o r to rque and 
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p o w e r f o r a p a r t i c u l a r gear r a t i o . A constant e f f i c i e n c y of 96% is 
assumed f o r the d r i v e t r a i n . These ca lcu la t ions are ca r r i ed out by the 
M A T L A B p r o g r a m i n c l u d e d i n A p p e n d i x 5. For example f o r a 1800kg 
veh ic l e w i t h the data t abu l a t ed i n Table 6.2 the power , to rque and 
resu l t s i n Table 6.1 are ob t a ined . A c c o r d i n g to the table the m a x i m u m 
p o w e r r e q u i r e d is 39 .19kW at p o i n t 14 i n the E x t r a _ U r b a n cycle. This 
means i f the m o t o r size is b igge r than 39.19kW th i s vehic le can be 
d r i v e n over a l l th ree cycles. As a veh ic le also needs to be d r i v e n over 
cycles w i t h some g r a d i e n t s teady speed c o n d i t i o n s w i t h a 2% and 5% 
g r a d i e n t are also ca lcu la t ed . The 'Power D e n s i t y ' is the power per u n i t 
w e i g h t of ba t t e ry and the m a x i m u m p o w e r dens i ty of the EV2-13 
b a t t e r y w h i c h is used i n th i s series h y b r i d vehic le is o n l y 8 0 w a t t / k g . 
T h e r e f o r e i f t h i s veh ic le needs to s a t i s fy a l l c o n d i t i o n s of table 6.1 the 
size of the ba t t e ry needs to be increased. 
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Figure 6. 5 Required Power points on Three Cycles 
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Velocity Acc. Gradi- Torque Speed Power Cycyle P/Density Number 
(km/h) -ent(%) (Nm) (rpm) (kVV) (Watt/BattKg) on Graph 
1 14.91 1.04 0 109.17 802 9.17 ECE-15 28.66 ® 
2 31.84 0.74 0 81.72 1,713 14.66 ECE-15 45.82 ® 
3 49.73 0.53 0 64.19 2,676 17.99 ECE-15 5621 ® 
4 72.4 0.72 0 86.34 3,896 35.22 J227a_D 110.08 ® 
5 70 0.47 0 62.39 3,767 24.61 Extra_U 76.90 (D 
6 100 0.24 0 47.46 5,381 2674 Extra_U 83.57 ® 
7 120 028 0 57.95 6,457 39.19 Exlra_U 122.45 ® 
8 14.91 0.00 0 9.76 802 0.82 ECE-15 2.56 (D 
9 31.84 0.00 0 10.96 1,713 1.97 ECE-15 6.15 ® 
10 49.73 0.00 0 13.17 2,676 3.69 ECE-15 11.53 © 
11 72.4 0.00 0 17.38 3,896 7.09 J227a_D 22.16 (D 
12 50 0.00 0 13.21 2,691 3.72 Exlra_U 11.63 ® 
13 70 0.00 0 16.86 3,767 6.65 Extra_U 2078 ® 
14 100 0.00 0 24.60 5,381 13.86 Extra_U 43.32 ® 
15 120 0.00 0 3128 6,457 21.15 Extra_U 66.10 ® 
16 14.91 0.00 2 42.63 802 3.58 11.19 -
17 31.84 0.00 2 43.83 1,713 7.86 24.57 -
18 49.73 0.00 2 46.04 2,676 12.90 40.32 -
19 72.4 0.00 2 5025 3,896 20.50 Gradient 64.06 -
20 50 0.00 2 46.09 2,691 12.99 2% 40.58 -
21 70 0.00 2 49.73 3,767 19.62 61.30 -
22 100 0.00 2 57.47 5,381 32.38 10120 -
23 120 0.00 2 64.15 6,457 43.38 135.55 -
24 14.91 0.00 5 91.85 802 7.72 24.12 -
25 31.84 0.00 5 93.05 1,713 16.70 52.17 -
26 49.73 0.00 5 9526 2,676 26.69 83.42 -
27 72.4 0.00 5 99.47 3,896 40.58 Gradient 126.81 -
28 50 0.00 5 95.31 2,691 26.85 5% 83.92 -
29 70 0.00 5 98.95 3,767 39.03 121.97 -
30 100 0.00 5 142.25 4,036 60.12 187.87 -
Table 6.1 Design Specification of the Series Hybrid Vehicle 
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On the other hand i f a vehicle is to be used for a particular purpose, 
such as short distance and low average speed urban operation the 
motor size can be reduced. For example i f the series hybr id vehicle 
w i l l be used for commuting, shopping or delivery etc. i t is enough 
that the series hyb r id vehicle can be driven over the ECE-15 and 
J227a_D cycle. Therefore this vehicle needs a motor which has a 
maximum power of 20kW as shown in Table 6.2 because the vehicle 
weight can be reduced. Of course this value is obtained by the 
program used in Table 6.1. The engine size depends on the motor size 
because i f the battery SOC is below the min imum SOC set previously 
and, i f the engine size is smaller than the motor size required for that 
part icular operating condit ion, the vehicle wou ld lose battery SOC. 
Consequently the engine size must be a similar size, 20kW, to the 
motor. In this case the 20kW is not the engine maximum power but a 
engine operating power set by the constant engine speed and throttle 
opening. Therefore, as can be seen in table 6.2, i f an engine power of 
20kW is needed the engine maximum power must be about 25kW. 
6.4 Consideration of Engine Operating Point 
W i t h i n the APU the engine operating point must be decided carefully 
in order to maximize fue l economy and minimize emissions. There are 
two stages in op t imiz ing the power t rain for the series hybr id vehicle. 
The f i r s t stage is to decide what size engine must be used for the 
series hybr id to meet a particular purpose using the method discussed 
in section 6.3 and through simulat ion. The next stage is to decide on 
the opt imal engine operating point . Figure 6.6 shows a 3-diminsional 
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graph of the BSFC and the emissions for Accent 1.3 engine listed in 
Appendix 2. As shown there is an optimal region of operation in each 
graph. For example in the BSFC graph the region w i t h the least fue l 
consumption is located between 50%-90% of the peak torque and at 
1500~5000 rpm. Similar ly regions for low emission can be defined for 
each emission component.. 
Af t e r the opt imal regions of each map are defined the four regions can 
be superimposed as shown in Figure 6.7. The darkest region is that 
region which satisfies a l l the conditions and is the preferred operating 
region. In this chapter an engine speed of 2500rpm and a throttle 
opening of 83% are used in the simulat ion. In other words when the 
engine is switched on the engine always runs at 2500rpm and 83% 
throt t le opening. 
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Figure 6. 6 Accent 1.3 BSFC and Emissions 
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6.5 Simulation of the Series Hybrid Vehicle 
6.5.1 Analysis of the Series Hybrid Vehicle Simulation 
Figure 6.8 - 6.13 were obtained by the simulation using the vehicle 
data 1 tabulated in Table 6.2. This vehicle is a general purpose vehicle 
capable of both urban, extra-urban and long range, high speed cruise 
operation. In contrast the vehicle data 2 is the data of a reduced size 
vehicle for the part icular purpose of urban operation mentioned in 
section 6.3. The s imulation results for the two vehicles w i l l be shown 
and compared in section 6.5.2. Figure 6.8 shows the actual speed of 
veh ic l e l over the Extra_Urban cycle. The actual speed is well matched 
wi th the required speed and indicates that the size of the motor is 
suff icient to drive this cycle. As in the electric vehicle there is no 
gearbox and therefore no gear change points in the motor speed and 
the motor torque graph as shown in Figure 6.9 and 6.10. Figure 6.11 
shows the change of the battery S O C . This simulation started with the 
battery at 58% S O C so that the A P U was turned on. When the battery 
S O C becomes 60% the engine is switched off as shown in Figure 6.12 
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and 6.13. When the vehicle is braking the SOC goes up due to the 
transfer of regenerative braking energy. Figure 6.12 illustrates the 
engine runn ing speed of 2500rpm and the engine stops when the SOC 
has increased to 60%; the SOC is described by the dotted line. In 
addi t ion Figure 6.13 shows the constant engine thrott le of 83%. The 
throt t le posi t ion goes down to 0% when the SOC increases to 60%. 
Specification Vehicle Data 1 Vehicle Data 2 
Vehicle Test Weight (kg) 1800 1350 
Drag Coefficient 0.32 0.32 
Rolling Resistance Coefficient 0.01 0.01 
Frontal Area (m') 1.875 1.875 
Wheel Radius (m) 0.28 0.28 
Final Drive Ratio 5.68 5.68 
Motor Max Speed (reWmin) 8000 8000 
Motor Max Power (kW) 40 20 
Engine Max Power (kW) 45 25 
Engin-On SOC (%) 40 40 
Engin-OffSOC (%) 60 60 
Engine Running rpm (re\^min) 2500 2500 
Constant Throttle Opening (%) 83 83 
Engine Operating Power (kW) 37.4 20.8 
Battery V\feight (kg) 320 120 
Battery Type EV2-13 (lead-acid) EV2-13 (lead-acid) 
Table 6. 2 Series Hybrid Vehicle Data 
E 
^•4000 
•2 3000 3 60 
time(sec) 
100 200 
linie(sec) 
400 
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Figure 6.12 Engine Speed Result Figure 6.13 Engine Throttle Result 
6.5.2 Simulation Results 
I t is quite d i f f i c u l t to evaluate the simulation results of the series 
h y b r i d vehicle because the results depend on the in i t i a l battery SOC. 
For example i f the series hybr id vehicle was driven 30km over the 
ECE-15 cycle w i t h an in i t i a l battery SOC of 100% the engine fuel 
consumption and emissions are zero because un t i l the battery has 
reduced to 40% SOC the series hybr id vehicle can be driven as an 
electric vehicle. In contrast i f the vehicle started f rom 40% battery SOC 
and travelled the same distance over the same cycle the APU would be 
switched on thereby using fue l and producing emissions. Consequently 
the fue l economy and the emissions are changeable and depend on the 
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start ing conditions of battery SOC. Therefore in this section two 
conditions are used to compare the series hybr id vehicle wi th the ICE 
vehicle. In the f i r s t condit ion fue l economy is calculated assuming the 
vehicle starts w i t h battery SOC of 40%. The APU is turned on and the 
battery is charged u n t i l the battery SOC is 60%. The vehicle then runs 
as an electric vehicle f r o m 60% SOC to 40% SOC. This is the worst 
comparison condit ion for the series hybr id vehicle. 
The second condit ion is very similar to the electric vehicle concept. If 
the battery is f u l l charged, and i f the purpose of the vehicle is for 
commuting, shopping, or delivery purposes the d r iv ing distance is 
usually less than 100km per day. Therefore the fue l economy and the 
emissions are quite d i f ferent f r o m those produced by the f i rs t 
condi t ion. 
Simulation results by the two conditions described above are compared 
in Table 6.3. The s imulat ion results for a Hyundai Motor Company 
Lantra 1.6 is used for the ICE comparison as this vehicle has a similar 
specification to the series hyb r id vehicle. Table 6.3 shows the general 
purpose series hybr id vehicle has advantages at low speed in cycles 
such as the ECE-15. However in the case of the J227a_D and 
Extra_Urban cycle the results are worse than those for the ICE vehicle. 
In particular the NOx emission are always worse than the ICE vehicle 
regardless of d r i v i n g cycle. This means that i t is very d i f f i c u l t to 
satisfy the requirement for both reduced fue l economy and reduction 
of a l l emission components. Consequently this series hybr id vehicle 
does not appear to be suitable as a general purpose vehicle that can be 
used for both low average speed operation such as the ECE-15 cycle, 
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and h igh average speed operation such as Extra_Urban cycle. To 
satisfy the general purpose requirement a series hybr id vehicle needs 
quite a large size electric motor because the motor must supply the 
whole d r i v ing power to the vehicle alone. In this case the vehicle also 
needs a large size engine as mentioned in section 6.3. Consequently 
the weight of a vehicle is h igh and the fue l economy and emissions 
suffer. 
Condition 1* Condition 2** Lantr1.6 
ECE-15 Fuel (km/ i ) 
CO(g/km) 
NQx(g/km) 
HC(g/km) 
10.22 -7.2% 15.11 +37.2% 11.01 
6.33 +5.3% 4.28 -28.8% 6.01 
4.50 +174.4% 3.05 +86.0% 1.64 
0.99 -29.8% 0.67 -52.5% 1.41 
J227a_D Fuel (km/i) 
CO(g/km) 
NQ)<g/km) 
HC(g/km) 
10.89 -22.6% 14.98 +6.5% 14.07 • 
5.94 +45.9% 4.32 +6.1% 4.07 
4.22 +88.4% 3.07 +37.1% 2.24 
0.93 0% 0.68 -26.9% 0.93 
Extra_Urk)an Fuel (km/^) 
CO(g/km) 
NQ)<g/km) 
HC(g/km) 
12.06 -18.2% 16.35 +10.9% 14.74 
5.36 +42.2% 3.96 +5.0% 3.77 
3.82 +59.8% 2.81 +17.6% 2.39 
0.84 0% 0.62 -26.2% 0.84 
*)Condition 1: start 40% of SOC when SOC is 60% engine stop and run until 40% of SOC 
''*)Condition 2: start 100% of SOC stop after lOOKm of distance 
Table 6. 3 Series Hybrid Vehicle Simulation Results 
Condition 1 Condition 2 L^ntr1.6 
k:e-15 Fuel (km/i) 
CO(g/km) 
NOx(g/km) 
HC(g/km) 
11.98 +8.8% 13.70 +24.4% 11.01 
5.40 -10.2% 4.72 -21.5% 6.01 
3.84 +134.1% 3.36 +104.9% 1.64 
0.85 -39.7% 0.74 -47.5% 1.41 
J227a_D Fuel (km/i ) 
Cqg/km) 
NOx(g/km) 
HC(g/km) 
14.73 +4.7% 16.96 +20.5% 14.07 
4.39 +7,9% 3.81 -6.4% 4.07 
3.12 +39.3% 2.71 +20.9% 2.24 
0.69 -25.8% 0.60 -35.5% 0.93 
Table 6.4 Series Hybrid Vehicle Simulation Results (Reduced Size for urban drive) 
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On the other hand as can be seen in Table 6.3 condit ion 2 the fue l 
economy and emissions can be much improved by the d r iv ing 
condit ion. In particular in the ECE-15 cycle the series hybr id vehicle 
can get the better f ue l economy, CO and HC emissions than those of 
the Lantra 1.6. In the case of the CO emission i t must be reduced 
because i t is the greenhouse gas. In addi t ion the NOx emission can be 
also reduced by engine tun ing at the engine design stage. 
Consequently i f a series hybr id vehicle is to be used for a particular 
purpose, for example for commuting or delivery purposes in an urban 
area, where the average speed is only 30~40km/h then vehicle power 
train can be reduced i n size. In the case of the series hybr id vehicle 
dr iven only over the ECE-15 and J227a-D cycle the simulation results 
w i t h regards fue l use and emissions are better than the ICE vehicle 
w i t h o u t the range l imi t a t ion of the electric vehicle. Table 6.4 shows the 
results of smaller sized series hybr id vehicle which has a 20kW motor 
and a 25kW engine shown in Table 6.2 vehicle da ta l . 
6.6 Conclusion 
In this chapter the series hybr id vehicle model was simulated 
assuming intermit tent operation of the A F U . A constant engine speed 
and a constant throt t le opening were assumed by the control logic. Of 
course more complex control logic is possible such as variable engine 
speed and variable throt t le opening. In order to simulate the series 
h y b r i d vehicle the motor and engine size should be optimized for the 
particular operating duty whi l s t the best operating point of the engine 
should also be set. Consequently the exact purpose of a vehicle should 
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be known and according to this purpose the required powers are 
calculated in order to size the electric motor and the engine used in 
the APU. The engine operating point can be set by examining the 
engine BSFC and emissions maps. From the simulation results 
obtained in this chapter the series hybr id vehicle has some advantages 
in urban areas where there is a low average speed and short travel 
distance. In other words the series hybr id vehicle is not appropriate 
for use as a general purpose vehicle where high average speeds may 
be encountered. Therefore i f the series hybr id vehicle is developed for 
urban area d r i v i n g w i t h a small sized motor and engine i t can produce 
quite good results. 
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7. Performance of the Parallel Hybrid Vehicle 
7.1 Operating Modes of the Parallel Hybrid Vehicle 
The parallel hybr id vehicle can have a number of operating modes 
because i t has two power source such as an electric motor and an IC 
engine. For example the electric motor or the IC engine could be used 
alone or both of them could be used simultaneously. Table 7.1 
describes the possible operating modest^]. 
Mode Description 
Electric mode 
10 engine mode 
Primary electric 
mode 
Primary 10 engine 
mode 
Hybrid mode 
Battery-charge 
mode 
Regeneratiw 
braking 
Accelerator 
kick-down' 
All propulsion power supplied by the electric-traction system 
All propulsion power supplied by the 10 engine 
The electric-traction system provides the principal torque but, 
when necessary, its maximum torque is augmented by the 
10 engine 
The 10 engine provides the principal torque but, when necessary, 
its maximum torque is augmented by electric-traction system 
Both the 10 engine and the electric-traction system together, 
in some way, provide the propulsion power 
The 10 engine provides both the propulsion power and power to 
charge the batteries with the traction motor acting as a generator 
During braking the vehicle kinetic enegy is returned to the battery, 
with the traction motor acting as a generator 
Essentially a primary 10 engine mode when increased torque is 
provided to give acceleration 
Table 7.1 Possible Operating Modes for the Parallel Hybrid Vehicle 
The parallel hybr id vehicle simulated in this chapter uses the electric 
mode and the pr imary IC engine mode. Vehicle speed is used to 
decide when to switch between modes. To change between the two 
modes the vehicle drives in the electric mode u n t i l the road speed is 
greater than the switching speed decided in the controller model. A t 
the switching speed the motor is switched off and the engine is 
switched on. While in this pr imary IC engine mode i f the input 
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throt t le posi t ion is greater than the maximum thrott le allowed by the 
controller, the addi t ional thrott le requirement is supplied by the 
electric traction motor. The switching speed, and the maximum 
allowed engine throt t le opening can be optimized by a number of 
simulations. Of course the battery charge mode and the regenerative 
braking mode are also used. 
7.2 Configuration of the Parallel Hybrid Vehicle 
A parallel hybr id vehicle has a s l ight ly more complicated structure 
than other types of vehicle described in this thesis because i t has two 
power sources as shown in Figure 7.1. However most of the 
components have already been modelled for use in other types of 
vehicle. Therefore in this section only the transfer and the controller 
blocks which are dedicated to the parallel hybr id vehicle w i l l be 
described. In addi t ion the vehicle data f i l e , phv.m, is f u l l y listed in 
Appendix 6. 
3 -
Battery-FDM SOC 
distance | 
Distance DisUnce 
Speed 
Throttle Controiiei 
Cycle time 0 
Cvde 
Figure 7.1 Parallel Hybrid Vehicle Model 
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7.2.1 The Transfer Block 
The role of the transfer block is to add the engine torque to the motor 
torque and to transfer the rotational speed f r o m the gearbox to the 
controller as i l lust ra ted in Figure 7.2. 
1 Eng Torq 
Mti Torq 
Sum T out 
rad/sfrom g/box rad/sto controller 
Figure 7. 2 Transfer Model 
7.2.2 The Controller 
As shown in Figure 7.3 the parallel hybr id vehicle controller has a 
much more complicated structure than that used in the series hybrid 
vehicle. This controller is total ly di f ferent f r o m that of the series 
hyb r id vehicle because this controller contains the total_torque_curve 
and calculates the engine and motor torque. This means that the 
engine block does not contain the engine and motor torque curve 
therefore the engine block only calculates the amount of fue l and 
emissions as shown in Figure 7.5. In order to schedule the torque and 
the throt t le opening to the motor and engine the controller receives 
the thrott le demand, the actual vehicle velocity and the rotational 
speed at the transfer point . 
In this controller the most d i f f i c u l t part to understand is the 
total_max_torque curve block. When the vehicle is running in the 
electric mode the motor torque is determined by the switch5 block. 
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This means the other two input signals value of the sum5 block are 
zero. However when the vehicle is running in the primary IC engine 
mode the engine and the motor torque are calculated by the 
total_max_torque curve block because now the vehicle can get power 
f r o m both the engine and the motor. The total_max_torque curve block 
is made by the addi t ion of the engine torque and motor torque curve 
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as shown in Figure 7.4. In this graph l i n e ® is the total_max_torque 
curve and line(Dis the maximum torque curve of the motor. L ine® is 
the maximum torque curve of the IC engine. In fact the maximum 
torque curve of the IC engine is the l i n e ® but in order to optimize the 
fue l economy and the emissions i t is l imi ted by a f ixed percentage as 
shown in the max_thrott le block. This means that i f the output torque 
f r o m the total_max_torque curve is greater than the engine_torque 
_curve calculated by the product2 block i t is l imi ted by the switch6 
block and the remainder of the torque is supplied to the sum5 block 
through the switch7 block. The actual speed and the switching speed 
are compared in the switchS block through the suml block. 
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Figure 7. 5 Engine Model of the Parallel Hybrid Vehicle 
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7.3 Consideration of Engine and Motor Size 
In order to decide on what motor and the engine size to use in the 
parallel hybr id vehicle a similar method is used as that for the series 
hyb r id vehicle. (See section 6.3.) First of al l an estimate of vehicle 
weight is made depending on the engine and motor rating and the 
power requirement at the d i f ferent velocity and acceleration points 
calculated as in section 6.3. However the parallel hybr id vehicle does 
not need such a large size motor and engine as the series hybrid 
vehicle because i f the motor size is smaller than the required power 
any addi t ional power can be supplied by the other power source. In 
the case of the motor its size depends on the switching speed. If the 
switching speed is h igh then the motor must be made large because 
the electric mode w i l l be used to a greater extent than i f the switching 
speed is low. This means that only the motor drives the vehicle at low 
speeds. The engine size is determined by subtracting the motor size 
f r o m the maximum required power because i f the vehicle needs a 
power which is greater than the maximum engine power this 
addi t ional power can be supplied by the motor. Of course also of 
importance is the maximum engine thrott le opening to be allowed. For 
example i f an engine has a maximum torque of lOON m at SOOOrpm the 
fue l consumption and the emissions wou ld not be good. Generally fuel 
consumption and the emissions are improved if the maximum torque 
is l imi t ed to 80-85% of maximum torque by l i m i t i n g the maximum 
allowed throt t le opening.(see section 6.4) The effect of the maximum 
throt t le l imi t a t ion w i l l be demonstrated in section 7.4.2. According to 
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above methods the parallel hybr id vehicle data is set as shown in 
Table 7.2. 
\/fehicleTestV\feight(kg) 1735 
Drag Coefficient 0.32 
Rolling Resistance Coefficient 0.01 
Frontal A-ea (m') 1.875 
\A*ieel Radius (m) 0.28 
Final Drive Ratio 5.68 
Transmission Ratio 1st 3.462 
2nd 2.053 
3rd 1.370 
4th 1.031 
5th 0.838 
Motor Max. Speed (rev'min) 8000 
Motor Max Power (k\A/) 25 
Engine Max Power (WA^  50 
Max Throttle Opening (%) 83 
Switching Speed (km/h) 52 or 35 
Battery \/\feight (kg) 320 
Battery Type EV2-13 (lead-acid) 
Table 7. 2 Parallel Hybrid Vehicle Data 
7.4 Simulation of the Parallel hybrid Vehicle 
7.4.1 Analysis of the Parallel Hybrid Vehicle Simulation 
The J227a_D cycle is used in the simulation to describe the general 
control behavior of the parallel hybr id vehicle because the acceleration 
requirements are quite severe and consequently this cycle w i l l show 
the pr imary IC engine mode very wel l . Figure 7.6 shows that the 
s imulat ion has been successful and that the engine and the motor size 
are appropriate to this cycle. According to Figures 7.7 and 7.8 the 
main power source has changed correctly f rom the motor to the engine 
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at the switching speed which is set 35km/h . In addit ion the motor 
supplies some power to the vehicle after the engine is switched on 
showing that the pr imary IC engine mode acts correctly. In addition 
the engine torque is l imi ted to 83% by l i m i t i n g the maximum throttle 
as shown in Figure 7.8. Figure 7.9 illustrates the engine speed. Figure 
7.9 also demonstrates that the switching speed and primary IC engine 
mode act correctly and has a saw-toothed shape due to the gear 
changes. 
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7.4.2 Effect of Maximum Throttle 
In order to improve the fue l economy and reduce emissions the 
throt t le opening is l imi ted by the controller as discussed in section 7.3. 
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In this section the effect of l i m i t i n g the maximum thrott le opening w i l l 
be demonstrated through the simulat ion graphs. The J227a_d cycle is 
used for the simulations and two sizes of engine are also used. One of 
the two engines is the normal size engine used in the Accent 1.3 
whi l s t the second engine is a reduced version of this engine and is the 
one used in Table 7.2. In this case the engine size has been reduced by 
80% to a maximum torque of 94.36 N m compared to the 117.95 N-m of 
the 1.3 Accent engine. In the fo l l owing three figures the engine 
operating points are i l lustrated by ' X ' . 
sngin® spesdfrpm) 
Figure?. 10 Accent 1.3 Engine (no change) 
angin© sp99d(rprfi) 
Figure 7.11 Reduced Engine (without Throttle Limit) 
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engine speed(rpm) 
Figure 7.12 Reduced Engine(with Throttle Limit) 
Figure 7.10 shows the operating points of the normal Accent 1.3 
engine w i t h the dashed line in the graph indicat ing the maximum 
torque line. Figure 7.9 shows that the engine mainly runs near the 
maximum torque line. This is an ineff ic ient region. The dotted line of 
Figure 7.11 describes the reduced engine maximum torque line. 
However the maximum throt t le opening of this engine is not l imi ted 
and the engine operating points are located near the maximum torque 
line. The solid l ine in Figure 7.12 shows how maximum torque is 
reduced by l i m i t i n g the maximum thrott le opening. The original 
maximum torque line i l lustrated by the dashed line is same as the one 
in Figure 7.11. In Figure 7.12 the engine operating points can not cross 
the solid line because the maximum torque is l imi ted by the maximum 
throt t le opening. The engine operating points are restricted to a high 
efficiency region. 
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7.4.3 S imula t ion Results 
The s imulat ion results vary according to the switching speed. 
Therefore three switching speeds are simulated and the results are 
l isted in Table 7.3. In this table 'Range as h y b r i d ' means the range 
possible before the battery SOC reduces f rom 100% to 0%. For example, 
in the case of the Extra_Urban cycle and a switching speed of 52km/h 
the vehicle runs as an ICE vehicle after 410.34km because there is no 
battery SOC lef t . Wi th 0% battery SOC this parallel hybr id vehicle can 
not dr ive over the three d r i v i n g cycles because the electric motor can 
not supply the addi t ional power required when the engine alone is 
unable to meet the cycle power demand. Therefore this case needs 
some special control logic. For example when the battery SOC falls 
below 40% battery SOC in the Extra_Urban cycle i f the switching 
speed is reduced f r o m 5 2 k m / h to 3 5 k m / h the battery SOC w i l l not fa l l 
under 40% SOC because the amount of change of the battery SOC is 
only -0.0338% after one cycle as shown in Table 7.3. This means the 
amount of change of the battery SOC is very small negative value 
therefore the vehicle can be dr iven w i t h the fue l economy and the 
emissions of condition2 wi thou t losing battery SOC and wi thout the 
range l imi ta t ion . In the case of the ECE 15 and the J227a-D cycle 
switching speeds 15km/h and 35km/h are more suitable than 52km/h 
due to the substantial low speed operation in these cycles. I f the 
parallel hyb r id vehicle uses the method described above to change the 
switching speed the ECE-15 and the Extra_Urban cycle are satisfied 
but the J227a_D cycle needs more consideration. In addit ion in order 
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to satisfy this control method the vehicle needs a device and software 
that can change the switching speed according to the battery SOC and 
the d r i v i n g pattern. As can be seen in Table 7.3 the simulation results 
of a parallel hybr id vehicle are good at al l parameters even NOx which 
is d i f f i c u l t to reduce in a series hybr id vehicle. 
Switching Speed 
Condition 1 
ISknVh 
Condition 2 
35l<nyh 
Condition 3 
52l<nryh 
Lantral.6 
BCE-15 SOC(%/cycle) -K).0288 -0.8843 -1.6397 
FueKkrryi ) 18.16 +64.9% 46.61 +323.3% - - 11.01 
CO(g/km) 3.28 -45.4% 1.12 -81.4% 0 - 6.01 
NOx(g/l<m) 1.68 +2.4% 0.75 -54.3% 0 - 1.64 
HCXg/km) 0.73 -48.2% 0.26 -81.6% 0 - 1.41 
Range as 
Hybrid(km) 
ununited 112.09 60.33 
J227a_D SOC(%/cycle) -0.2861 -0.7168 -1.5566 
Fuel(knyi ) 19.56 +39.0% 22.22 457.9% 26.56 +68.8% 1407 
CCKg/km) 2.81 -31.0% 2.46 -39.6% 2.08 -48.9% 4.07 
NOx(g/km) 2.01 -10.3% 1.76 -21.4% 1.43 -36.2% 2.24 
HC(g/km) 0.61 -34.4% 0.54 -41.9% 0.46 -50.5% 0.93 
Range as 
HybridCkm) 
544.56 216.24 99.90 
Extra_ 
Urban 
SOC(%/cycle) +0.3837 -0.0338 -1.6876 
Fuel (l<m' £ ) 17.91 +21.5% 18.45 +25.2% 22.35 +51.6% 1474 
CO(g/km) 2.95 -21.8% 2.84 -24.7% 2.30 -39.0% 3.77 
NQx(g/km) 2.43 +1.7% 2.36 -1.3% 2.06 -13.8% 2.39 
HC(g/km) 0.62 -26.2% 0.60 -28.6% 0.49 -41.7% 0.84 
Range as 
Hybrid(l<m) 
unlinrited 20502 410.34 
Table 7. 3 Parallel Hybrid Vehicle Simulation Results 
7.5 Conclusion 
The performance and fue l economy of a parallel hybr id depends 
heavily on the control logic used. Depending on the vehicles purpose 
d i f fe rent control logic can be used to change between modes. In this 
chapter a simple speed based scheme has been used to switch between 
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the electric and the pr imary IC engine modes. As in the series hybr id 
vehicle the motor and the engine size must be carefully selected. 
However a smaller size of motor can be used compared to that than 
the series hyb r id vehicle as both the engine and the motor can produce 
power for d r i v i n g simultaneously. The simulation results shows good 
f u e l economy and emissions when the switching speed is high 
However there is a range l imi ta t ion , as in an electric vehicle, when a 
h igh switching speed is used. In order to solve this problem the 
switching speed should be changed to lower value when the battery 
SOC becomes a low, for example less than 40%. In this way the battery 
does not lose SOC after one cycle. Wi th this control logic the fuel 
economy and the emissions deteriorate s l ight ly but the range 
l imi t a t ion is removed. The parallel hybr id vehicle has some 
disadvantages compared to the series hybr id such as more complex 
control logic. However the parallel hybr id vehicle can be used as a 
general purpose vehicle which includes use at a high average speed. 
Depending on the purpose of the vehicle different fue l economy can be 
obtained f r o m the s imply by changing the control logic. 
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8. Comparison of the Series and Parallel Hybrid Vehicle 
In this chapter the series and the parallel hybr id vehicle are compared 
based on the s imulat ion results obtained in Chapter 6 and 7. 
8.1 Structure 
As i l lustrated in each layout diagram in Figure 6.1 and Figure 7.1 the 
series hyb r id vehicle has a simpler structure than the parallel hybrid 
vehicle because there is no clutch, gearbox or transfer unit . It 
therefore has an advantage in designing over the parallel hybr id 
vehicle. 
8.2 Control logic 
The control logic used in the series hybr id is s ignif icant ly simpler than 
that required by the parallel hybrid(See Figure 6.4 and 7.3). In the 
series hyb r id vehicle the A P U operating point, in terms of engine rpm 
and the engine throt t le posit ion, is of major importance as discussed 
in section 6.4. 
On the other hand the parallel hyb r id vehicle has many parameters 
and factors to consider for operation as discussed in 7.2.2. 
8.3 Fuel Economy 
The f u e l economy results in Table 8.1 for the parallel hybr id vehicle 
are substantially better than those produced by the series hybr id . The 
series hyb r id vehicle used in Table 8.1 is the general purpose vehicle 
discussed in section 6.5.2 and the parallel hybr id vehicle used in Table 
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8.1 is the vehicle described i n Table 7.2. However these results depend 
on both the actual use of the vehicle and how they are calculated wi th 
regards battery SOC. This makes detailed comparison d i f f i cu l t . In 
part icular i t is more d i f f i c u l t to compare directly between a series and 
parallel hybr id vehicle. 
In Table 8.1 cond i t ion l of the series hybr id vehicle means that the 
vehicle starts w i t h the battery SOC of 40%. The APU of the series 
h y b r i d vehicle is turned on and the battery is charged un t i l the battery 
SOC is 60%. The vehicle then runs as an electric vehicle f rom 60% SOC 
to 40% SOC. Therefore the vehicle can be driven w i t h condi t ionl 
w i thou t range l imi ta t ion . However this is the worst comparison 
condit ion for the series hybr id vehicle. In the results of the condition2 
the vehicle starts w i t h 100% SOC and the results calculated when the 
vehicle has travelled 100km wi thou t regard to the battery SOC. If the 
vehicle is mainly used for urban area d r iv ing and the battery can be 
charged overnight condition2 is much more realistic. Figure 8.1 and 
8.2 i l lustrate above two conditions. 
In the case of the parallel hybr id vehicle the results depend on the 
swi tching speed. In Table 8.1 the parallel hybr id simulation results are 
calculated assuming switching speeds used in section 7.4.3. The 
vehicle starts w i t h a battery SOC of 100% and a high switching speed 
is used u n t i l the battery SOC reaches 40% after which a lower 
switching speed is used. This ensures the battery does lose anymore 
SOC. Figure 8.3 shows this condit ion. Of course according to the 
d r i v i n g cycle d i f fe rent switching speeds are used as explained in 
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section 7.4.3. Finally the fue l and emissions data of the parallel hybr id 
vehicle are normalized for a distance of 600km, the typical range of an 
ICE vehicle, to compare to the ICE vehicle. 
Battery 
SOC (%) 
60 
40 
Dicta nee (km) 
depend on the cycle 
Figure 8. 1 Table 8.1 Conditionl of the Series Hybrid Vehicle 
Battery 
SOC(%) 
Dlctance(km) 
100km 
Figure 8. 2 Table 8.1 Condition2 of the Series Hybrid Vehicle 
Battery 
SOC (%) 
Dictance(km) 
600km 
Figure 8. 3 Table 8.1 Condition of the Parallel Hybrid Vehicle 
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8.4 Emissions 
I t is very d i f f i c u l t to reduce CO, NOx and HC emissions al l at the 
same t ime. In part icular the way NOx emissions vary w i t h engine load 
and speed is quite d i f ferent to the other two types of emissions.(see 
Figure 6.6) Therefore a lower reduction(if any) in the NOx emissions 
must be accepted as shown in Table 8.1. However the results produced 
here use data for a standard engine whereas the worst emission such 
as the NOx w o u l d be reduced by engine tuning at the engine design 
stage. Such engine tun ing could also be expected to improve the other 
emissions and fue l usage data for the hybr id vehicle. 
Series Hybrid Parallel hlybrid Lantra 1.6 
Condition 1* Condition 2** 
BCE-15 FueKkPfVi ) 10.22 -7.2% 15.11 +37.2% 21.35 +93.9% 11.01 
CCXg/km) 6.33 +5.3% 4.28 -28.8% 3.04 -49.4% 6.01 
NOx(g/km) 4.50 +174.4% 3.05 +86.0% 1.58 -3.7% 1.64 
0.99 -29.8% 0.67 -52.5% 0.68 -51.8% 1.41 
J227a_D FueUknVi ) 10.89 -22.6% 1498 +6.5% 20.55 +46.1% 1407 
00(g/km) 5.94 +45.9% 4.32 +6.1% 2.68 -34.2% 4.07 
NQ)((g/km) 422 +88.4% 3.07 +37.1% 1.92 -143% 2.24 
0.93 0% 0.68 -26.9% 0.58 -37.6% 0.93 
Extra_ FueKkTrVi ) 1206 -18.2% 16.35 +10.9% 20.05 +36.0 1474 
Urban CO(g/km) 5.36 +42.2% 3.96 +5.0% 2.62 -30.5% 3.77 
NQx(g/km) 3.82 +59.8% 2.81 +17.6% 2.24 -6.3% 2.39 
HC(gMi) 0.84 0% 0.62 -26.2% 0.55 -34.5% 0.84 
''*)Condition 2: start 100% of S O C stop after 100km of distance 
Table 8.1 Comparison of Series and Parallel Hybrid Vehicle Simulation Results 
8.5 Performance 
The parallel hybr id vehicle can be used as a general purpose vehicle 
w i t h good results. However i f the series hybr id vehicle is used as a 
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general purpose vehicle the results could be worse than those 
produced by similar sized ICE vehicle as shown in Table 8.1. 
Consequently to achieve acceptable results the engine size in the series 
h y b r i d vehicle should be reduced making this vehicle were suitable for 
urban operation as discussed in section 6.5.2 and Table 6.4. 
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9. Conclusion and Further Work 
Conclusion 
The aim of this project was to develop computer models for the ICE 
vehicle, electric vehicle and the series and parallel hybr id electric 
vehicles. 
Component models have been developed using M A T L A B / S I M U L I N K 
and f o r m the vehicle l ibrary JANUSLEE. These component models have 
been used to assemble f u l l vehicle models in order to simulate and 
compare the performance of d i f ferent types of vehicle. In particular a 
comparative study of the series and parallel hybr id electric vehicle has 
been presented. The use of S I M U L I N K makes i t possible to simulate 
w i thou t the need for real prototype cars. JANUSLEE has many 
component models which can be used to model many different kinds 
of vehicle. 
The performance of the Accent 1.3 ICE vehicle was simulated and 
compared w i t h test data f r o m the Hyunda i Motor Company. From this 
comparison the accuracy and the re l iabi l i ty of the S IMULINK model 
was proved. 
Al though the electric vehicle has many advantages the inadequate 
battery technology results i n the vehicle having a heavy weight, low 
range and long charging time. This l imi ts its use to short distance 
d r i v i n g in urban areas. 
The series h y b r i d vehicle is attractive for low speed cycles such as 
ECE-15, however in high speed cycles the results are worse than the 
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ICE vehicle. Therefore the series hyb r id vehicle is best used for urban 
area d r i v i n g when the motor and engine size can be reduced. In 
addi t ion there are many control options possible for the APU. 
Generally the parallel hybr id vehicle is better than the series hybr id 
vehicle. I t has good results over a l l d r iv ing cycles. However the 
mechanical structure and the control logic is more complicated than 
that required by the series hybr id . The control logic needs fur ther 
work to determine the best control strategy. This is discussed later in 
this chapter. 
The series and parallel hybr id vehicle are being developed as possible 
replacements for the ICE vehicle. The best solution to reduce exhaust 
emissions and dependence on petroleum fue l is the electric vehicle. 
However there are s t i l l many problems w i t h regards to battery 
technology. Consequently the hybr id vehicle can play an important 
part in replacing the ICE vehicle. The results of this project conf i rm 
the potential of the hyb r id electric vehicle as a replacement for the ICE 
vehicle and suggest research and development of the hybr id vehicle 
should be continued. 
Further Work 
There are many possibilities for fur ther work i n the area of the hybr id 
vehicles. In part icular topic related to this project are as fol lows. 
• Battery technology: In the electric and hybr id vehicle the battery is a 
cr i t ical factor in their development. Many kinds of battery have been 
80 
developed and models of those batteries need to be available in the 
s imulat ion software. 
• Further control of the series hybrid: In this project only a simple 
control method was used in the simulat ion. However there are many 
other possible control options available and these need to be 
developed and simulated. 
• Further control of the parallel hybrid: In order to fur ther improve 
the performance of the parallel hybr id other kinds of control logic 
should be concerned; for example is i t possible to mix the control logic 
of the series and parallel hybr id , how to change the switching speed 
whi le a vehicle is runn ing etc. 
• Minimization of the simulation error: When comparing real test 
data w i t h the simulated performance of ICE vehicle there was some 
error between the two sets of results. This error should be minimized 
to obtain better s imulat ion results. For example including engine 
temperature effects in start up, or the slip of the clutch, w i l l help 
improve the s imulat ion accuracy. However obtaining accurate test data 
and vehicle data is always a major problem. 
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Appendices 
Appendix 1 Driving Cycles 
1.1 ECE-15 
% Time in seconds, velocity in km/h 
% Specify cycle time and integrator initial value 
time=200; 
init=0; 
cycle data=[0.0 0.0; 
11.0 0.0; 
15.0 14.91; 
23.0 14.91; 
25.0 0.0; 
49.0 0.0; 
61.0 31.82; 
85.0 31.82; 
96.0 0.0; 
117.0 0.0; 
143.0 49.73; 
156.0 49.73; 
164.0 34.80; 
177.0 34.80; 
189.0 0.0; 
195.0 0.0]; 
cycle_time=0:1:195; 
cycle_vel=interp1(cycle_data(:,1),cycle_data(:,2),cycle_time); 
1.2 J227a_D 
% Time in sees, velocity in km/h 
time=122; 
init=0; 
cycle data=[0.0 0.0; 
28 72.4; 
78 72.4; 
87 66.6; 
98 0; 
122 0]; 
cycle_time=0:1:122; 
cycle_vel=interp1(cycle_data(:,1),cycle_data(:,2),cycle_time); 
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1.3 Extra_Urban 
% Time in seconds, velocity in km/h 
% Specify cycle time and integrator initial value 
time=400; 
init=0; 
cycle_data=[0.0 0.0; 
20.0 
27.0 
38.0 
48.0 
61.0 
111.0 
119.0 
188.0 
201.0 
251.0 
286.0 
316.0 
336.0 
346.0 
362.0 
370.0 
380.0 
400.0 
0.0; 
15.0 
35.0 
50.0 
70.0 
70.0 
50.0 
50.0 
70.0 
70.0 
100.0 
100.0 
120.0 
120.0 
80.0 
50.0; 
0.0 
0.0]; 
cycle_time=0:1:400; 
cycle_vel=interp1(cycle_data(:,1),cycle_data(:,2),cycle_time); 
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Appendix 2 Accent1.3 Data Files 
2.1 acta.m 
% Vehicle test data for 1.3 litre Accent 
% The engine map is available in act_map3.m 
% Specify vehicle parameters: 
mass=1100; 
C_drag=0.317; 
frontal_area=1.91; 
C_roll=0.018; 
wheel_radius=0.289; 
theta=0; 
g=9.81; 
% Specify transmission details: 
vel_1_2=15.0; 
vel_2_3=32.0; 
vel_3_4=55.0; 
vel_4_5=65; 
ratio_1 =3.462; 
ratio_2=2.053; 
ratio_3=1.370; 
ratio_4=1.031; 
ratio_5=0.838; 
final_drive_eff=0.96; 
final_ratio=3.842; 
gearbox_eff=0.96; 
% Specify engine parameters and motor type: 
max_motor_speed=5500; 
max_torque=117.95; 
max_speed=5500; 
idle_speed=1000; 
idle_cons=0.165; 
idle_co=0.01534; 
idle_hc=0.003769; 
idle_nox=0.0003559; 
comp_ratio=10; 
crl=comp_ratio''0.1; 
crll=comp_ratio'^0.2; 
crlll=comp_ratio'^0.3; 
cc=1341; 
comp_torque=cc*(0.081*(crii-1)-(0.05*((crlll-1)/cri))); 
act_map3; 
%Specify whether fuel cut off valve is present: YES=0 NO=-1000 
fco=-1000; 
% Specify driver details; gain and reset time (when used): 
K_driver=0.4; 
T i=30: 
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2.2 act3_map.m 
% Hyundai 1.3 litre engine maximum torque and bsfc values 
% The maximum torque values start at 0 and finish at 1 in 10% steps. 
% The bsfc values start at (0,0) and finish at (1,1) in 
% Max_speed (in rpm) and maxjorque (in Nm) must be specified in "act3.m". 
% Unit of bsfc, CO, HC and NOX : g/kW-hr 
speed=0:max_speed/11 :max_speed; 
torque=0:max_torque/10:max_torque; 
contorque=0:0.1:1; 
% Specify the maximum torque curve 
torque_limit=[0.50 0.64 0.76 0.84 0.90 1.00 0.99 0.96 1.00 1.00 0.99 0.94] 
full_torque=torque_limit*max_torque; 
bsfc=[0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 0 0 0 0 0 0 0 0 0; 
870.56 610.98 614.51 582.21 575.93 589.71 613.26 650.32 765.35 777.52; 
481.30 435.19 425.51 423.80 417.73 422.14 439.97 494.03 473.89 494.38; 
376.55 353.67 341.48 342.67 340.48 338.44 354.64 368.40 371.02 383.81; 
352.47 315.85 311.69 308.79 307.24 307.70 318.96 320.77 331.11 349.04; 
319.38 296.05 289.81 288.67 286.90 286.86 295.47 300.24 309.09 314.36 
316.45 283.50 275.52 275.22 273.14 273.54 280.67 286.48 294.27 298.46 
332.91 273.41 263.95 263.96 262.27 263.73 269.37 276.52 282.78 287.35 
352.57 269.57 255.31 254.89 254.57 255.86 261.15 269.36 275.53 283.26 
394.76 313.15 284.70 256.09 250.27 255.06 255.23 266.41 271.78 292.97 
334.57 374.69 315.04 282.14 276,82 289.58 279.06 284.83 291.23 309.11] 
COtab=[0 0 119.42 67.32 
0 0 
0 0 
88.47 
49.57 
53.72 
63.84 
61.59 
59.33 
62.51 
68.38 
87.99 
114.56 
47.80 
30.52 
25.96 
25.77 
22.91 
21.26 
18.93 
14.45 
42.51 
58.35 
44.63 
30.91 
26.54 
21.13 
20.48 
17.35 
13.52 
15.24 
39.54 
61.70 
46.75 
32.48 
25.28 
25.21 
24.07 
21.56 
18.59 
17.41 
33.24 
56.71 
42.97 
27.60 
23.06 
21.02 
20.30 
18.84 
16.24 
1485 
16.39 
67.42 
49.73 
32.46 
21.78 
21.44 
18.20 
17.51 
18.24 
16.83 
28.21 
49.91 
43.07 
35.89 
28.93 
24.29 
20.08 
17.63 
16.24 
16.33 
17.72 
77.97 
56.70 
35.40 
24.03 
25.62 
20.14 
18,94 
19.31 
18.84 
29,74 
91.24 
65.20 
29,13 
26,52 
24,47 
21,96 
20,72 
19,73 
23,70 
35,86 
105,97; 
75,14; 
44,05; 
28,95; 
23,62; 
22,59; 
19,59; 
23,35; 
37,85; 
95,21; 
109,72 133,82 140,23 125,55 145.59 128,18 125,77 139,49 137,95] 
HCtab=[0 
0 0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 31 
20,12 
9,98 
8,13 
7,72 
6,57 
6,19 
6,39 
6,62 
7,28 
9,83 
16 17,87 1438 12,86 
13,06 
8,47 
6,35 
5,40 
453 
415 
3,76 
3,38 
6,08 
8,78 
11,04 
7,70 
5,77 
5,29 
461 
4.22 
3.97 
3.71 
4,32 
4,93 
10,04 
7,32 
5,69 
4,99 
4.32 
3,97 
3,83 
3,51 
3,41 
3,90 
11,37 10,46 9,26 8.80 10.15 9,17; 
8,88 8,24 7,30 7,09 7,56 6,96; 
6,54 
5,28 
451 
3,98 
3,70 
3,56 
3,30 
2,99 
3,75 
6,09 
4,73 
416 
3,75 
3,45 
3,21 
3,12 
3,17 
400 
5,40 
4,28 
3,79 
3,49 
3,28 
3,08 
2,80 
2,70 
3,10 
5,38 
4,20 
3,54 
3.21 
2.91 
2.63 
2,40 
2,31 
2,91 
4,99 
3,97 
3,47 
3,06 
2,69 
2,41 
2,26 
2,16 
2,63 
4,75; 
3.73; 
3,45; 
2,78; 
2,45; 
2,21; 
2,15; 
2,31; 
2,55] 
NOxtab= =[0 0 1 02 0,79 1,97 10,96 17,53 19.92 27,82 20,05 29,08 31,50 
0 0 1,24 1.95 3.83 16,36 20,79 30,93 26,80 36,18 28,72 19,82; 
0 0 6,91 13,72 16,01 22,00 20.93 23,90 26,76 25.97 27,18 30,45; 
0 0 9,90 16,79 17,59 15,15 21,15 22.50 23,73 24,37 24,72 27,45; 
0 0 9,32 17,30 17.42 15,86 21,09 21,27 22,47 22,85 22,02 23,77; 
0 0 10,99 17.16 16,99 19,94 20,34 19,44 21,26 21,90 21,48 20,46 
0 0 12,53 17,41 16,46 18,94 19,57 19,68 20,58 20,96 20,63 17,68 
0 0 13,46 16,70 16,05 17,87 18,73 19,34 19,90 20,63 17,97 1497 
0 0 1437 15,51 15,88 16,79 17,94 18,18 18,82 19,14 11,78 9,99; 
0 0 15,15 11,42 15,42 13.37 12,94 16,64 17,84 1409 7,51 5.87; 
0 0 8,84 8,38 6,04 5,55 5,50 9,83 9,56 6,80 5,80 4,39] 
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Appendix 3 ETV1 Data Files 
3.1 etvl.m 
% Vehicle test data for the ETV1 electric car 
% The motor map is available in etv_mot1 .m 
% Specify vehicle parameters - mass INCLUDES battery mass 
mass=1795; 
C_drag=0.32; 
frontal_area=1.875; 
C_roll=0.01; 
wheel_radius=0.28; 
theta=0; % Road gradient theta 
g=9.81; 
% Specify transmission details 
final_drive_eff=0.92; % Final drive efficiency 
final_ratio=5.68; % Final drive ratio 
% Specify motor parameters and motor type 
m_max_motor_speed=5000; % Maximum motor operating speed 
m_max_torque=128; % Maximum motor torque 
m_max_speed=5000; 
etv_mot1; % Load motor data file etv_mot1 
% Specify controller efficiency 
controller_eff=0.98; 
% Specify Battery details and initial soc (%) 
battery_mass=495; % Battery mass 
initial_soc=100; % Battery initial SOC 
ev2_13; 
% Specify driver details; gain and reset time (when used) 
K_driver=0.5; % Driver proportional controller gain 
T_i=30; 
3.2 ev2_13.m 
% Battery parameters for Globe Union EV2-13 lead acid batteries 
% Specify coefficients of battery model 
A=-0.03516; 
B=-0.69045; 
C=3.31975; 
% Specify model accuracy limits, W/kg 
Pd_max=80; 
Pd_min=5; 
% Calculate 5hr Energy Density in W/kg and specify battery charge efficiency 
Edi_5=5*(exp(A*log(5)*log(5)+B*log(5)+C)); 
batt_charge_eff=0.87; 
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3.3 etv_mot1 
% ETV1 maximum torque and motor efficiency values 
% The maximum torque values start at 0 and finish at 1 in 5% steps. 
% The efficiency values start at (0,0) and finish at (1,1) in 
% 5% steps for both torque and speed. 
% For this routine to work both max_speed (in rpm) and max_torque (in Nm) must be specified. 
In etvl.m 
m_speed=0: m_max_speed/20: m_max_speed; 
m_torque=0:m_max_torque/20:m_max_torque; 
m_torquejimit=[1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.900 0.815 
0.740 0.685 0.615 0.560 0.535 0.495 0.460 0.450 0.430]; 
m_full_torque=m_torque_limit*m_max_torque; 
m_efficiency=[ 
0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 
0.050 0.050 0.050 0.050 0.050; 
0.050 0.150 0.300 0.450 0.600 0.610 0.620 0.630 0.640 0.670 0.700 0.730 0.760 0.780 0.800 0.800 
0.800 0.800 0.800 0.800 0.800; 
0.050 0.270 0.550 0.600 0.650 0.680 0.710 0.715 0.720 0.760 0.800 0.827 0.855 0.858 0.861 0.861 
0.862 0.861 0.860 0.860 0.860; 
0.050 0.405 0.615 0.660 0.695 0.733 0.760 0.768 0.775 0805 0.837 0.855 0.874 0.876 0.878 0.876 
0.875 0.874 0.873 0.874 0.874; 
0.050 0.540 0.680 0.720 0.760 0.785 0.810 0.820 0.830 0.851 0.873 0.883 0.892 0.893 0.894 0.892 
0.891 0.887 0.886 0.887 0.888; 
0.050 0.560 0.695 0.738 0.780 0.801 0.823 0.833 0.843 0.862 0.881 0.889 0.896 0.895 0.894 0.891 
0.889 0.885 0.883 0.881 0.878; 
0.050 0.580 0.710 0.755 0.800 0.817 0.835 0.845 0.856 0.873 0.890 0.895 0.900 0.897 0.894 0.890 
0.886 0.883 0.880 0.874 0.868; 
0.050 0.585 0.710 0.757 0.805 0.822 0.849 0.850 0.860 0.875 0.890 0.893 0.895 0.892 0.889 0.884 
0.878 0.874 0.870 0.865 0.859; 
0.050 0.590 0.710 0.760 0.810 0.827 0.844 0.854 0.864 0.877 0.890 0.890 0.890 0.887 0.884 0.877 
0.871 0.865 0.860 0.855 0.850; 
0.050 0.585 0.705 0.755 0,805 0.825 0.846 0.856 0.866 0.876 0.888 0.887 0.885 0.881 0.876 0.869 
0.863 0.858 0.853 0.846 0.840; 
0.050 0.580 0.700 0.750 0.800 0.824 0.843 0.858 0.868 0.876 0.885 0.883 0.880 0.874 0.868 0.871 
0.855 0.850 0.845 0.837 0.830; 
0.050 0.570 0.690 0.738 0.790 0.817 0.844 0.855 0.867 0.874 0.881 0.877 0.873 0.867 0.861 0.854 
0.848 0.845 0.840 0.830 0.820; 
0.050 0.560 0.670 0.725 0.780 0.810 0.840 0.852 0.865 0.871 0.876 0.871 0.866 0.860 0.854 0.847 
0.840 0.835 0,830 0.820 0.810; 
0,050 0.550 0.670 0.720 0.775 0.805 0.835 0.848 0.863 0.867 0.871 0.865 0.861 0.854 0.847 0.840 
0.835 0.830 0.820 0.810 0.800; 
0,050 0.540 0.660 0.715 0.770 0.800 0.830 0.845 0.860 0,863 0.866 0.860 0.855 0.847 0.840 0.835 
0.830 0.820 0.810 0.800 0.790; 
0.050 0.530 0.650 0.705 0.760 0.791 0.825 0.839 0.855 0.856 0.858 0.853 0.845 0.840 0.835 0.830 
0.820 0.810 0.800 0.790 0.780; 
0.050 0.520 0.640 0.695 0.750 0.783 0.821 0.836 0.850 0.850 0.850 0.843 0.835 0.830 0.825 0.820 
0.810 0.800 0.790 0.780 0.770; 
0.050 0.510 0.630 0.687 0.745 0.789 0.818 0.833 0.847 0.847 0.847 0.840 0.830 0.825 0.820 0.810 
0.800 0.790 0.780 0.770 0.760; 
0.050 0.500 0.620 0.680 0.740 0.795 0.815 0.830 0.845 0.845 0.845 0.836 0.825 0.820 0.810 0,800 
0.790 0.780 0.770 0.760 0.750; 
0.050 0.475 0.610 0.672 0.735 0.780 0.810 0.825 0.840 0.841 0.841 0.831 0.820 0.810 0.800 0.790 
0.780 0.770 0.760 0.750 0.740; 
0.050 0.450 0.600 0.665 0.730 0.765 0.800 0.818 0.836 0,837 0.838 0.829 0.810 0.800 0.790 0.780 
0.770 0.760 0.750 0.740 0.730]; 
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Appendix4 Series Hybrid Vehicle Data Files 
4.1 shv.m 
% Vehicle test data for the Sereis Hybrid Vehicle 
% The motor map is available in imSOOO.m (Induction Motor) 
% Specify vehicle parameters - mass INCLUDES battery mass 
mass=1800; 
C_drag=0.32; 
frontal_area=1.875; 
C_roll=0.01; 
wheel_radius=0.28; 
theta=0; 
g=9.81; 
% Specify transmission details 
final_drive_eff=0.96; 
final_ratio=5.68; 
% Specify motor parameters and motor type 
max_motor_speed=8000; 
mt_max_torque=163; 
limit=1.07; 
m_max_torque=mt_max_torque*limit; 
m_max_speed=8000; 
imSOOO; 
% Specify Battery details and initial SOC (%) 
battery_mass=320; 
initiai_soc=60; 
ev2_13; 
% Specify driver details; gain and reset time (when used) 
K_driver=0.5; 
TJ=30; 
% Specify Hyundai Accent 1.3L engine parameters 
max_torque=84.5; 
max_speed=5500; 
% Specify engine controller parameters 
engine_on=40; 
engine_off=60; 
run_speed=2500; 
throttle_opening=0.83; 
act_map3; 
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4.2 imSOOO.m 
% Efficiency map for the GE induction motor and controller 
% initial data torque inn ft-lb and speed in rpm 
% Rating 50hp, break speed 2188 rpm, max torque 110 ft lb, max speed 8000 rpm 
% In SI units max torque is 163 Nm, max power 37.3 kW 
% m_max_torque and m_torque should be specified in Nm 
speed=[0 500 1000 2000 3000 4000 5000 6000 7000 8000]; 
torque=[0 6.78 13.56 20.34 27.12 40.67 54.23 67.79 81.35 94.91 108.46 122.02 
135.58 149.14 163]; 
m_efficiency=[ 0.001 .394 .541 .660 .724 ,793 .839 .857 .867 .862 
0.200 .394 .541 .660 .724 .793 .839 .857 .867 .862 
0.265 .532 .637 .731 .793 .850 ,893 .903 .907 .898 
0.308 .617 .703 .770 .817 .865 .893 .903 .907 .898 
0.304 .608 .713 .789 .831 .874 .898 .912 .907 .898 
0.304 ,608 .713 .812 .846 .869 .888 .903 .903 .888 
0.290 .580 .694 .817 .850 .865 .884 .893 .893 .888 
0.270 .542 .703 .808 .850 .865 .869 .879 .884 .874 
0.270 .542 .703 .808 .846 .855 .865 0 0 0 
0.260 .523 .684 .798 .836 .855 .855 0 0 0 
0.255 .513 .694 .789 .827 .846 .846 0 0 0 
0.250 .494 .675 .784 .808 .817 0 0 0 0 
0.228 .456 .656 .784 .798 0 0 0 0 0 
0.229 .223 .447 .646 .779 0 0 0 0 0 
0.220 .442 .641 .774 0 0 0 0 0 0]; 
m_speed=speed/8000*m_max_speed; 
m_torque=torque/163*m_max_torque; 
m_torquejimit=[1.000 1.000 1.000 1.000 0.7284 0.5463 0.4370 0.3642 0.3122 0.2732]; 
m_full_torque=m_torque_limit*m_max_torque; 
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Appendix 5 Calculation File 
mass=1800 
cd=0.32 
cp=0.01 
area=1.875 
r=0.28 
g=9.81 
final_drive_eff=0.96 
final_ratio=5.68 
gearbox_eff=0.96 
veil =(v1*1000)73600 % input value to calculate acceleration 
vel2=(v2*1000)73600 
a=(vel2-vel1)7t % acceleration (m7s )^ 
ft=(mass*a)+(vel2'^2*0.5*1.226*cd*area)+(mass*g*sin(x*pi/180))+(mass*g*cr) % traction force 
torq=((ft*r)7(final_drive_eff*final_ratio)) % required motor torque 
spd=(vel2/r)*final_ratio % motor speed (rad/s) 
rpm=spd*307pi % motor speed (rpm) 
power=(torq*spd)/1000 % required motor power (kW) 
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Appendix 6 Parallel Hybrid Vehicle File 
6.1 phv.m 
% Vehicle test data for the Parallel Hybrid Vehicle 
% The motor map is available in im8000.m 
% Specify vehicle parameters - mass INCLUDES battery mass 
mass=1735; 
C_drag=0.32; 
frontal_area=1.875; 
C_roll=0.01; 
wheel_radius=0.28; 
theta=0; 
g=9.81; 
% Specify transmission details 
final_drive_eff=0.96; 
final_ratio=5.68 
% Specify motor parameters and motor type 
mt_max_torque=163; 
limit=0.67; 
m_max_torq u e=mt_max_torq ue*l im it; 
m_max_speed=8000; 
imSOOO; 
% Specify Battery details and initial soc (%) 
battery_mass=320; 
initial_soc=100; 
ev2_13; 
% Specify driver details; gain and reset time (when used) 
K_driver=0.5; 
T_i=30; 
% Specify Hyundai Accent 1.3 engine parameters 
vel_1_2=15.0; 
vel_2_3=32.0; 
vel_3_4=55.0; 
vel_4_5=65; 
ratio_1 =3.462; 
ratio_2=2.053; 
ratio_3=1.370; 
ratio_4=1.031; 
ratio_5=0.838; 
gearbox_eff=0.96; 
% Specify engine parameters and motor type: 
max_motor_speed=5500; 
e_max_torque=117.95; 
e_limit=0.80; 
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max_torque=e_max_torque*e_limit; 
max_speed=5500; 
idle_speed=1000; 
idle_cons=0.165; 
idle_co=0.01534; 
idie_hc=0.003769; 
idle_nox=0.0003559; 
comp_ratio=10; 
crl=comp_ratio'^0.1; 
crll=comp_ratio^0.2; 
crlll=comp_ratio'^0.3; 
cc=1341; 
comp_tonque=cc*(0.081*(crll-1)-(0.05*((crlll-1)/crl))); 
act_map3; 
%Hybrid mode parameters 
t_max_torque=max_torque+m_max_torque; 
t_max_speed=5500; 
t_speed=0:t_max_speed/11 :t_max_speed; 
t_torque=0:t_max_torque/10:t_max_torque; 
im_torque_limit=[1.0 1.0 1.0 1.0 1.0 0.8754 0.7284 0.6243 0.5463 0.4856 0.4370 0.3973] 
t_torque_limit=[((im_torque_limit*m_max_torque)+(torque_limit*max_torque))/t_max_torque] 
t_full_torque=t_torque_limit*t_max_torque; 
%Specify whether fuel cut off valve is present: YES=0 NO—1000 
fco=-1000; 
% Specify engine controller parameters 
switching_speed=52; % switching speed from motor to engine 
max_throttle=0.83; % throttle opening limitation 
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